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I. INTRODUCTION 
Since the discovery of the fission process over 30 years ago, the 
rare gas fission products from neutron induced fission of uranium have 
been of continued interest. Hahn and Strassmann (1) showed in 1939 that 
uranium bombarded by thermal neutrons formed a radioactive noble gas. 
A short time later Heyn et (2) chemically separated a rubidium 
88 
activity from neutron induced fission products, identified it as Rb, 
go OQ go 
and suggested an ^Kr Rb Sr (stable) production chain. A sum-
88 
mary of subsequent studies of the Kr beta decay chain is given in 
section B below. The present work consists of an extension of the 
study of the ^ ^Kr -* ^^Rb -» decay chain. This work was facilitated 
88 by the abundant availability of isotopically pure sources of Kr, the 
lack of which had hampered previous studies. 
Of primary concern to nuclear studies is the knowledge of the short 
range nucleon-nucleon interaction. In nuclear spectroscopic studies 
inferences are made about the nature of this interaction through appli­
cation of nuclear models to specific nuclei as well as systematic appli­
cation to specified mass regions with similar nuclear structure. One of 
the most successful systematic studies resulted in the nuclear shell 
structure theories of Mayer and Jensen (3). This model allows the com­
plex many-body aspects of the nucleon-nucleon interaction in complicated 
nuclei to be reduced to that of only a few nucléons influenced by a 
closed core grouping of the remaining nucléons. The current interest in 
88 88 
the level structure of Rb and Sr stems from the nearness of these 
2 
nuclei to the important neutron shell closure at N = 50. As a conse­
quence, the present work also involves the application of the shell 
88 
model to these nuclei, with special emphasis on Sr. 
A. Nuclear Shell Model 
The use of the highly successful nuclear shell model (3,4,5), which 
proposes a closed neutron shell for N = 50 and a possible proton sub-
shell energy "gap" at Z = 38, has been the standard interpretation for 
88 88 
the nuclei of interest in the present work, and The 
shell model level ordering proposed by Mayer and Jensen (3) is illus­
trated in Figure 1. The splitting of the harmonic oscillator levels 
on the left in Figure 1 is brought about by the inclusion of spin-orbit 
coupling which was adjusted to reproduce the empirical level sequence. 
The level sequence should be recognized as the accepted ordering of the 
protons while the ordering for neutrons above N = 50 must be adjusted. 
The modifications to the illustrated level ordering is discussed in 
the following in terms of some recent reaction assignments and infer­
ences from spectroscopy studies. 
1. Ambiguities in the choice of core states 
The ^ ^Sr and ^^Zr nuclei are somewhat ambiguously related from the 
standpoint of recent calculations. Shastry (6) and Hughes (7) have 
88 
reported calculations concerning the level structure of Sr. Shastry 
88 
used a single-particle-single-hole approach on an Sr core to deter­
mine that the Z = 38 
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Figure 1. Nuclear shell model level ordering proposed by Mayer 
and Jensen 
4 
closed core configuration was adequate in explaining the appropriate 
transition rates. Hughes had used a two-particle-two-hole approach on 
a closed core. The excited states of ^^Sr were formed by two 
90 
proton-hole operators operating on a Sr closed core. Hughes concluded 
that configuration mixing (or interaction) was non-negligible in the 
go 
ground-state of Sr. The particular two-particle-two-hole choice for a 
configuration space by Hughes precludes the description of any negative 
parity states, whereas the calculation of Shastry does include one im­
portant negative parity state. 
Other authors, Auerbach and Talmi (8) and TaJmi and Unna (9), 
88 
use the effective interaction picture and a closed Sr core in the 
region of ^ ^Zr, and in each case find configuration mixing in the ^^Zr 
ground-state wave functions. Similar calculations are reported by 
Bhatt and Ball (10) and Vervier (11) on Nb, Mo, and Tc isotopes using 
90 88 
a Zr core, while Vervier considers an Sr core for calculations of 
isotopes of Y, Zr, and Nb. In each of the previously cited calculations, 
the authors concluded that the success of the results justified the 
choice of assumed ^^Sr and ^^Zr closed cores. 
Thus, in the Z = 38, N = 50 region of the "Chart of the Nuclides," 
which at first glance appears to be amenable to the application of the 
lowest order shell model, a consistent ambiguity arises as to the 
adequacy of shell closure. The ^^5/2' and ^^1/2 subshell spacing 
at this point is not defined sufficiently to justify labeling Z = 38 
or Z = 40 as a semi-magic proton shell closure. 
5 
2. Modification to the shelI model Ievel ordering 
Figure 1 indicates that the usual shell model orbitals should fill 
through the Ig^yg shell for N = 50 nuclei. The neutron level structure 
in the N = 50 region can be effectively studied through neutron-pickup 
reactions such as the (^He,a) (12) and (p,d) (13) reactions leading to 
N = 49 nuclei. Some data from these reactions are summarized in Figure 
2. In neutron-pickup reactions the least-bound neutron in the target 
nucleus represents the ground-state configuration of the product 
nucleus, in this case the N = 49 nuclei. The denoted excited states 
then represent the pick-up of a neutron from the corresponding configu­
ration in the target nucleus, N = 50 nuclei. From Figure 2 it is 
evident that the If^yg ^^3/2 ^^ivel ordering must be interchanged 
from that of Figure 1. 
The shell ordering above N = 50 is generally known to deviate from 
the scheme of Mayer and Jensen. The single particle configurations of 
the odd A nuclei ^gKr^j, ^ gSr^^, and compared in 
Figure 3 illustrate this deviation. The first state occupied above 
N = 50 neutrons is the followed by the Ss^^g ^*^3/2* Other 
Sq 
reaction data (15) indicate that a level of 2670 keV in Sr is largely 
single-particle in nature and suggest that the next single-particle 
configuration above the is the Ig^yg" The neutron shell reorder­
ing is now complete through N = 70 and is summarized as follows: 
(Is,/;)2, (1p3/2)^ \ (Idg/g,)*, (2s,/g):, (Idg/g)^ , (Ify/g)^ , 
^^^5/2^ ' (^ 3^/2^  ' (^^1/2^ ' '^^ 9/2^  ' (^ 5^/2^  ' (^ 1^/2^  ' ^^ *^ 3/2^  ' 
6 
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8 
The proton states in this region can be compared with the normal 
shell model order by examining the systematics of the odd A, N = 50 
Or 
isotones. The designated single-particle configurations of ^^Br^p (14), 
gyRbgo (16), (14), SjNb^Q (17), and ^ ^Tc^^ (14) are summarized 
in Figure 4. From this summary it is evident that these low-lying 
levels fît nicely into the "normal" proton shell model scheme of Figure 
1 if the Ifgyg and Ep^yg levels are interchanged. Hence, on the basis 
of the reordered level scheme of Mayer and Jensen the lowest order 
elementary shell model is capable of qualitative explanation of the 
single particle, odd-A level structure in region of Z = 38, N = 50. 
This new shell model level ordering will be used in the discussion of 
88 88 
level structure of the odd-odd Rb and the even-even Sr (see 
Chapter VI). 
B. Previous Studies 
88 Since the beta decay of Kr can be studied only through the fis-
88 
s ion process and produces the equilibrium Rb daughter activity, the 
first section of this historical review presents the chronological 
88 88 
advances in the Kr and Rb studies as discussed in the cited works. 
88 
The discussion will later cite advances in the level structure of Rb 
OO 
and Sr as experimental emphasis is placed on reaction data. 
1. The beta decays of ^ ^Kr and ^^Rb 
Shortly after Hahn and Strassmann (1) (1939) discovered noble gases 
liberated in the neutron induced fission of uranium, Heyn et al. (2) 
chemically separated a 16minutes Rb activity thought to be identical 
9 
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10 
with the 17 minutes activity measured earlier in a Rb(n,Y) reaction. On 
experimental evidence and the absence of any other decay components in 
88 B 88 6 88 
the separated Rb activity, Heyn et proposed the Kr -5 Rb^^—^ Sr 
(stable) chain. Hahn and Strassmann (18) also found a Rb activity with 
an 18 minute activity in the uranium fission products and estimated 
the parent half-life to be of the order of hours. Langsdorf (19) (1939) 
88 
was able to estimate the half-life of Kr to be about three hours. 
This estimate was soon improved by Seelmann-Eggebert (20) (19^0) in a 
OQ 
direct measurement of the Kr half-life which he found to 2.83 hours. 
OO 
Glasoe and Steigman (21) (19^0) found the Kr half-life to be 2.91 + 
0.l6 hours by counting several successive electrostatic depositions 
88 
of Rb made in a decaying fission gas mixture. Glasoe and Steigman 
also used Feather analysis techniques to measure a 4.6-MeV beta end-
88 88 
point energy for the Rb decay and found the Rb half-life to be 
17-8 + 0.1 minutes. 
Some of the first spectroscopic inferences are reported by Koch 
et jal^. (22) (1949). From absorption measurements they showed that the 
OO 
main portion of the Kr beta decay spectrum has an upper limit of 0.5 
MeV. An intense gamma radiation was found and the authors concluded 
that the ^ ^Kr decay was complex. Koch et also refined the ^\r 
half-life measurement using an electromagnetically separated sample 
and found a value of 2.77 hours. 
88 88 88 
The most complete treatment of the Kr Rb Sr chain in the 
early stages of development can be attributed to Thulin (23,24). The 
beta spectrometer samples of Thulin (23) (1951) were prepared by 
11 
electromagnetic separation of fission product gases. The reported half-
88 life for the Rb decay of 17-7 minutes was measured in the beta-ray 
spectrometer to assure that no evaporation losses were occurring. 
88 
Three beta branches were reported in the decay of Rb to be 5.3, 3.6, 
and 2.5 MeV with branching intensities of 78, 13, and 9 per cent 
88 
respectively. In the analysis of the Kr beta decay, Thulin reports 
three beta components of energy 2.8, 0.9, and 0.52 MeV and intensities 
of 28, 12, and 68 per cent respectively, but points out that a sizable 
error is to be expected due to the particular experimental procedure. 
A strong conversion line corresponding to a 28-keV gamma ray was also 
88 found in the Kr spectrum. The Qj^/(+ oj^) ratio from the internal 
conversion of the 28-keV gamma ray was determined to be 8, which sug­
gested an El or M2 multipole order. Conversion electron-beta continuum 
coincidences indicated that the 28-keV transition was in coincidence 
with a low-energy beta component of ~ 0.5 MeV. 
In later works Thulin (24) (1954) used Nal(Tl) detectors to find 
seven new gamma transitions in the Kr decay and two new transitions in 
the Rb decay. Using gamma-gamma and beta-gamma coincidence studies, 
the Kr decay scheme was extended to eight transitions fitting six levels 
and a single new level was added to the existing three levels from pre­
vious works (25) on the Rb decay. Spin and parity assignments were 
88 
made to the Sr levels from the presented results and available data 
88 from the positron decay of Y. The first gamma-gamma coincidence 
analysis on the mass 88 decay chain accompanied Thulin's results. 
12 
The initial Ge(Li) spectroscopy studies on the mass 88 chain were 
reported in 1969 by Lycklama et al. (l6) and later by Lycklama and 
Kennett (26) (1970). The first work of Lycklama et £l_. (l6) reports 
88 
good agreement with the last of the Nal(Tl) studies on the Rb decay 
reported by Lazar et £]_• (27) (1956) but noted "some refinement in the 
existing decay scheme." Lycklama et ajy placed 14 transitions into 11 
88 levels of Sr. Because of the difficulties encountered in isobaric 
separation of the sources, two gamma rays at 1518 and 1535 KeV were 
88 
shown to be incorrectly assigned to the Rb decay in subsequent works. 
Ge(Li)-Nal(Tl) gamma-gamma coincidence measurements were reported for 
88 88 both Kr and Rb decays- The energies and intensities of four beta 
88 
groups were measured for the Rb decay and were found to be in agree­
ment with previous works. Twenty transitions were assigned to 11 levels 
88 87 88 
of Rb with the aid of coincidence data and the Kr(d,p) Kr reaction 
data of Morton and Darcey (28). 
With the aid of more efficient and higher resolut ion Ge(Li) de­
tectors, Lycklama and Kennett (26) (1970) expanded the level structure 
88 
of Rb to include an additional 20 transitions which were placed into 
the level scheme on the basis of the known (d,p) levels as determined 
by Morton and Darcey. Six new levels were added to the scheme. The in­
creased resolution also allowed the identification of the 2112-,2119-keV 
88 doublet in the Rb decay which appeared as an unavoidable contaminant. 
2. The ^ ^Rb(n,Y) studies 
About the time Lycklama et were investigating the fission pro­
duced decay chain for A= 88, several other authors (29,30,31,32) were 
13 
88 87 
Investigating the levels of Sr through the Rb(n,Y) reaction. Hess 
et (30) (1969) and Kawase (31) (1970) reported gamma-gamma angular 
correlation results as well as gamma-gamma coincidence measurements. 
Pratt (32) (1971) measured the energies and intensities of three additi 
al low-intensity transitions, two of which had been reported by Kawase 
along with three additional transitions. The findings of Hess et al., 
Prat t ,  and Lycklama e^ aj_. (16) supported the work proposed by Ragaini 
and Knight (29) (1969). Ragaini and Knight (29) also measured the rati 
88 
of the absolute intensity of the l836-keV gamma ray to the total Rb 
beta decay intensity. From the above ratio a direct ground-state beta 
branch of 76.2 + 4 percent was calculated. 
During the course of the present work, Ragaini and Meyer (33) 
88 (1972) reported a comprehensive Sr level scheme which included place­
ment of 31 of 42 observed gamma-ray energies into 18 levels. The new 
levels were proposed solely on the basis of calculated two-hole and two 
90 particle four-hole states in the Zr core and no coincidence data was 
analyzed. 
88 
3. Reactions and the levels of Rb 
The residual neutron-proton interaction has been studied in recent 
^^Rb(d,p)^^Rb reactions by Morton and Darcey (28) (1969), Torti and 
Graetzer (34) (1970), and Rapaport et (35) (1971). The results of 
these works are consistent on the spin and parity assignments to the 
* 88 
first three excited states of Rb. 
14 
4. Reactions and the levels of Sr 
Only a few of the long list of reaction works which have bearing on 
88 
the nature of levels in Sr will be reviewed here. A comprehensive 
list of significant works can be found in a synoptic report on the 
A = 88 nuclei by Goodman, Hughes, Johns,and Way (36). The nature of the 
oo 
Sr single-particle states have been studied in a proton pickup re­
action by Kavaloski et al. (37) as well as the neutron stripping re­
action by Cosman and Slater (38). The collective nature of a few states 
are documented in the inelastic scattering data of Alster et aj_. (39), 
Peterson and Alster (40), Stautberg, Kraushaar, and Redley (4l), and 
Hamburger (42). The inelastic scattering data consistently indicates 
that the first excited 2"^ state at 1836 keV results as a coupling of 
single-particle and phonon excitations while the 2734-keV strong 
collective 3 state exhibits very little if any single-particle proper­
ties. The cited works in subsections 4 and 5 above contain angular 
momentum transfer values or other angular distribution information from 
which the authors have made spin assignments to the designated levels. 
C. On-Line Isotope Separation 
and the Production of ^^Br, ^ ^Kr, ^ ^Rb 
The on-line concept for source preparation and mass separation 
proved to be a tremendous technological advancement in the study of 
gaseous fission products. While the early sources of Thulin (23) were 
mass separated, the time delay from source preparation to mass 
15 
go 
separation was of the order of several half-lives of the 2.3 hour- Kr 
parent activity. 
Kofoed-Hansen and Nielson (43) first reported the use of an on­
line system to study the krypton isotopes in 1951. The reported facil­
ity was on-line to a cyclotron and typifies the first of a growing 
class of ISOL (isotope separater on-line) facilities. The TRISTAN 
facility (44) located at the Ames Laboratory Research Reactor was the 
first of several ISOL installations (45) to become operational on-line 
to a thermal neutron beam from an experimental reactor. 
Unlike the many short-lived gaseous fission products, the source-
to-detector-station transit time is not a determining factor in the 
experimental procedure for the A = 88 decay chain. However, the 
88 
abundant availability of a high purity Kr ion beam results in the 
88 
fact that the number of transitions identified as belonging to the Kr 
decay was over 100 as compared to the previously identified number of 
40 from Lycklama and Kennett (26). The need for controllable activi­
ties over long periods is mandatory from the standpoint of optimum 
spectral resolution and good statistics. The necessity for an ISOL 
system is also seen in terms of the increasing complexity of the nu­
clear decay as the nuclear species are produced further from the line 
of beta stability. Coincidence measurements helpful in unraveling 
these complex decays of short-lived activities are possible only with 
continuously available sources. 
A schematic representation of the beta-decay chain available in 
88 
this work is shown in Figure 5. The production of Br was negligible 
P(Br) 
16 SECOND (0.07) 
DELAYE^ 
V NEUTRON 
,= 9.0MeV 
P(x)-> PRODUCTION OF SPECIES "x 
2.79 HOUR 0+ 
Qfl = 2.92 MeV 
18 MINUTE 2" 
88 Rb 
(STABLE) 
88, 
3.53 PERCENT ABSOLUTE U 
FISSION YIELD 
Figure 5. The fission produced A = 88 decay chain available at TRISTAN 
17 
QQ QQ 
in the Kr- Rb equilibrium studies. The delayed neutron decay of 
OQ ft7 87 "i" 
Br to Kr combined with the KrH production was also negligible. 
This source combination was effectively manipulated and analyzed with 
state-of-the-art 60 cm^ Ge(Li) detectors and the latest available 
electronics which resulted in a thorough study of the gamma ray transi-
88 88 
tions associated with the beta decays of Kr and Rb. 
18 
II. EXPERIMENTAL FACILITY 
88 
The mass-separated fission product activities of Kr and the beta 
88 
decay product Rb were obtained using the TRISTAN facility at the Ames 
Laboratory Research Reactor. This was the first facility of its type to 
be connected on-line to a reactor (44). An excellent description of the 
operation of this facility as applied to the noble gas fission products 
can be found in a recent work by Olson (46). Only a brief outline of the 
TRISTAN operation and recent modifications and features pertinent to this 
work will be presented here. 
Figure 6 is a top-view schematic diagram of the physical layout 
for TRISTAN. The heart of the isotope separator is a 1.6-meter 90° sector 
magnet. The main components of the facility downstream from the fission 
products source are discussed below. 
A. Neutron Beam Shielding and Collimation 
Q 
The neutron beam from the reactor having a flux of 3 x 10 thermal 
neutron/cm /second at the SAMPLE (see Figure 6) is controlled by a water 
shield located in the beam tubs and a pneumatically operated cylindrical 
steel-masoni te laminate shutter / 6o cm in diameter, located at the reactor 
face. The water jacket provides the principal thermal neutron control at 
the SAMPLE. While the masonite construction of the shutter affords an 
additional control over the neutron flux, the main function of the shutter 
is to block or collimate the direct gamma-ray beam from the reactor core. 
Additional thermal neutron shielding interior to the heavy concrete 
shielding is provided by two steel-encased poured paraffin columns. 
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Figure 6. Schematic diagram for TRISTAN facility (top view) 
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Thermal neutron "shine" from a 0.5-cm gap at the interface of the heavy 
concrete and the reactor Face 6 is greatly attenuated by compressing 
polyethylene strips into the gap. Additional neutron shielding is also 
provided by forcing small cylindrical polyethylene beads into the un­
filled volume of the transport line feed-through. 
B. SAMPLE 
Neutron-induced fission was produced in the SAMPLE which contained 
650 mg of uranyl stearate ^ (25.44 percent The 
SAMPLE container was operated at the isotope separator accelerating 
voltage of about 60 kV and was positioned at the neutron beam center-
line. Plexiglass high-voltage insulation isolated the SAMPLE from the 
interior paraffin and heavy concrete shielding. 
A plexiglass-lined feedthrough in the heavy concrete shielding pro­
vides passage for two teflon-lined transport lines, one of which carries 
the gaseous fission products emanating from the uranyl stearate to the 
ion source, and a second through which a Kr-Xe-He support gas mixture is 
introduced into the SAMPLE. The transport lines are sheathed in metallic 
braid which provide the high voltage conduction path from the ion source 
table (operated at the acceleration potential) to the SAMPLE. The HV in­
sulation and sheathed transport lines allow sustained operation at 60 kV. 
C. Ion Source 
The ion source construction has been designed to expedite replace­
ment, thus minimizing the vacuum-break period. The design facilitates ion-
source filament and cathode testing with pre-outgassed interiors and 
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greatly reduces experimental delay in waiting for an operational ion 
source base pressure (of the order of yTorr). 
D. Isotope Separator Main Body 
Immediately following the ion source is a large ceramic HV insulating 
section (INSULATOR in Figure 6) containing the extractor electrode and 
differentially pumped volume where the bulk of the electrically neutral 
material is removed from the ion beam. Following the insulating section 
and immediately preceding the 90° sector magnet, the ion beam enters the 
acceleration tank where it is electrostatically focused. The focal plane 
of the sector magnet is contained within the collector box. The focused 
beam can be viewed on a potassium bromide screen through a Lexan window 
in the side of the collector box. The beam is held in exact position at 
the focal plane selecting slit by bracketing an adjacent mass number with 
two vertical current-sensitive electrodes (stabilizer pins). Any beam 
drift is sensed as a current imbalance on the stabilizer pins and the 
appropriate HV correction is added in series to the acceleration voltage 
to return the beam to the desired focal plane position. An additional 
focusing aid is provided by a small current probe, mechanically swept 
through the beam, the output of which can be amplified and displayed on an 
oscilloscope giving a current profile of the beam. The focal plane slit 
which is used for positive beam selection (the mass dispersion at the 
focal plane was approximately two cm at mass 88) is followed by a set of 
DEFLECTION PLATES used to temporarily interrupt the transport of the 
collimated beam through the SWITCH MAGNET. The switch magnet contains an 
additional compression lens and provides a well focused beam at the j_ 45° 
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experimental stations. The beam at the 0° station, NEUTRON DETECTOR, is 
partially focused while the +22.5° ports have a poorly focused ion beam. 
The MOVING TAPE COLLECTOR (MTC) and OFF-LINE COLLECTOR BOX were used ex­
tensively in this work. 
E. OFF-LINE COLLECTOR BOX 
Previous to the design of the OFF-LINE COLLECTOR BOX (OLCB), off­
line samples were prepared on 5 cm diameter copper disks placed in the 
end cap of a 22.5° switch magnet station beam tube. The difficulty posed 
in handling the sample and the poorly defined 22.5° beam created problems 
in both gamma-ray counting and radiochemistry. The OLCB was designed to 
meet some of these shortcomings. 
The OLCB is pictured in Figure 1 .  The downstream stabilization 
cables are not to be associated with the beam stabilization pins located 
in the collector box. Downstream stabilization is controlled by frac­
tional variations in the switch magnet current and cannot be used when 
the source probe is lowered. A source can be lowered into the ion beam 
through a small cam operated gate valve located in the upper portion of 
the OLCB. The source backing, usually copper foil, is mounted on an in­
sulated tip of the source probe and electrically connected to the BNC 
connector capping the external portion of the stainless steel shaft. When 
connected to a sensitive picoammeter, it is possible to monitor the ion 
beam current striking the source backing. The beam spot can also be ob­
served through the Lexan observation port. Another Lexan window beneath 
the source probe provides illumination. Before the source probe is 
lowered, the small 70-cm^ volume above the gate valve is "roughed down" 
Figure 7. The off-line collector box 
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with a small laboratory vacuum pump. To prevent any pressure surges In 
the main separator tank, the differentially pumped beam line between the 
switch magnet and MTC can be isolated and the main separator foreline 
closed. Source removal involves the same valving precautions with the 
addition of a chain which restricted the movement of the probe within the 
vacuum containment until the OLCB gate valve is secured. Operating the 
separator isolation procedure in the proper sequence permits transfer of 
the source from the beam to the counting area in less than a minute. 
F. MOVING TAPE COLLECTOR (MTC) 
The MOVING TAPE COLLECTOR (Figures 8, 9^ and 10) was modified by 
providing a thin Mylar window at the ion beam deposition point (PORT 1 
position in Figure 10), Operating with this window in position requires 
additional vacuum protection and the appropriate isolation valves for 
the MTC have been replaced with electrically and pneumatically operated 
valves. The valves are actuated from a vacuum ionization gauge con­
troller which monitors the MTC diffusion pump manifold. The full sophisti 
cation of the MTC design was not needed for this work. The operation 
88 
modes utilized here are described under Isobaric Separation of Kr and 
88 
Rb. The principles of operation of the daughter analysis units are 
described in more detail by Olson (46) and Norman et al. (47). 
Figure 8. The moving tape collector used at TRISTAN 
(motor side) 
Figure 9. The moving tape collector used at TRISTAN 
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Figure 10. Schematic view of moving tape collector interview 
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III. EXPERIMENTAL PROCEDURE 
A. Photon Detectors 
A few careful choices of equipment and procedures at the onset of 
the experiment can often mean the difference of weeks in the analysis 
of the end results. One of the most important and basic pieces of 
equipment is the photon detector. 
With the introduction of the lithium-drifted germanium Ge(Li), or 
solid state detector, the scintillation detector was quickly abandoned 
for low-energy gamma-ray singles work. The Ge(Li) detectors show marked 
improvement in resolution and peak-to-compton ratios over their scintil­
lation counterparts, at the expense of detection efficiency and pulse 
rise times. The slower rise time is of little consequence in gamma-ray 
singles measurements. 
The Ge(Li) detector is a solid state "ionization chamber" fabricated 
from single crystal high purity p-type germanium. An evaporated lithium 
coating has been drifted into the Ge creating an internal electrically 
neutral or "intrinsic" region. This p-i-n device is operated under re­
verse bias conditions with typical electric field strengths of 100 
volts/mm in the intrinsic region. An incoming photon transfers its 
energy to charged particles through the photoelectric effect, Compton 
scattering and pair production. These charged particles, or primary 
electrons, create electron-hole pairs along their path by ionizing inter­
stitial lithium donor atoms. The number of the electron-hole pairs and 
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hence the charge separated by the electric field is linearly dependent 
on the energy transferred to the primary electron. 
The most likely process for deposition of the full energy of the 
incident radiation is the photoelectric effect. The other processes re­
sult in the incident energy being shared among the constituents of the 
interaction. This sharing enhances the probability that some of the 
energy, such as a Compton-scattered photon or one or both of the 511-keV 
gamma rays from positron annihilation, will escape the detector. The 
above losses can be minimized by using an efficient detector geometry 
and the largest possible intrinsic volume detector. The reported re­
sults in the present work were achieved with two such detectors, desig­
nated "d" and "e" in Table 1. The large volumes of these detectors show 
superior efficiency, excellent peak-to-compton ratios and low single-
and double-escape peak efficiency. The lower escape peak efficiency be­
comes very important in reducing the probability of masking important in­
formation in complicated spectra. 
B. Electronics for Singles Measurements 
Tennelec TC 203 BLR linear amplifiers were used in all counting 
experiments. This amplifier has internally compensated differentiation 
and integration time constants controllable by a single selection switch, 
base line restoration and adjustable pole-zero cancellation. 
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Table 1, Detector listing 
Detector Type Volu me Relative^ 
Efficiency 
Resolution^ 
(keV) FWHM 
Peak 3 
Compton 
Preamp 
a planar 1 cm^ 1 0.65 Ortec 
1 17-A 
b trap, 
coax 
27 cm3 3. 75 2.82 14/1 
c trap. 
coax 
25.2 cm3 3.5 2.58 16/1 
d true 
coax 
58.2 cm3 9 2-45 28/1 Ortec 
120-2B 
e true 
coax 
60 cm3 11 2.32 34/1 Ortec 
120-2B 
1 Relative efficiency is measured with a source to 
detector distance of 25 cm. The efficiency figure represents 
the ratio of the number of 1.33-Mev aoco gamma rays detected 
in Ge(Li) to those detected in a 3 in x 3 in Nal(Tl) crystal. 
^Resolution is quoted for the 1.33-MeV ®°Co photopeak 
except for detector "a", quoted for 122-keV srco. 
3Feak-to-compton ratios are measured as ratios of the 
1.33-MeV photopeak height to Compton edge height above zero 
background. 
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For gamma-ray singles counting a Geoscience 8050 ADC with 8192-
channel (8K') conversion capacity was used in conjunction with a Techni­
cal Measurement Corporation 16K channel analyzer. 
In addition to the analyzer memory, a Hewlett-Packard Digital Tape 
Unit 2020 provided permanent seven-track magnetic tape storage for data. 
This seven-track tape was used as the "interface" to an IBM 360-65 com­
puter for further data reduction. A block diagram of the counting con­
figuration is shown in Figure 11. 
The TC 203 BLR amplifier was a very convenient and effective linear 
amplifier for the wide dynamic range in count rates encountered in this 
work. The pole-zero setting can be adjusted to give optimum peak shape 
at the beginning of each counting session. The count rate switch was 
found to give best FVHM results in HIGH; however, the most intense peaks 
in the spectra showed considerable low-energy tailing with this adjust­
ment. Further experimentation indicated that the tailing was independent 
of the rate switch position and unavoidable. The DC bipolar output was 
obtained through four microsecond time constants and DC coupled to the 
ADC. Base line restoration was controlled in the amplifier, while pile-
up rejection was handled in the ADC. 
While preparing for the measurements to be reported later and after 
adjusting the counting system for optimum resolution, it was discovered 
that the long-term resolution was noticab 1 y higher than that observed 
Vhe abbreviation for a binary thousand (2*^) will be used in this 
work as K=1024. 
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Figure 11. Block diagram of gamma-ray singles electronics 
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during a shorter one-hour test period (about 3.4 keV FWHM as opposed to 
2.3 keV FWHM for 1.33-MeV ^^Co). In looking for the cause of this 
broadening, several spectra were taken over a 24-hour period. The 
analyzer memory was frequently destructively transferred to magnetic 
tape. Several intense peaks in each spectra were analyzed and the re­
sulting centroids were plotted against time. These results indicated a 
cyclic variation in the peak position, which was attributed to the 24 
hour variation in the Ames Laboratory Research Reactor containment shell 
temperature. To provide a more constant temperature environment for the 
counting system, all open spaces in the equipment racks and NIM bins 
were enclosed and each bin was separated by double "whisper fan" ventil-
lation units. These same double fans were placed at the top of the equip­
ment racks to provide a forced exhaust. Heat producing equipment such as 
amplifiers was separated by at least two bin widths. These precautions 
allowed the equipment rack temperatures to be stabilized to within 
+ 1/2 °C, independent of the reactor shell temperature. 
The effectiveness of the temperature stabilization was tested during 
a long equilibrium singles experiment. At specified intervals, the ana­
lyzer memory contents were transferred to magnetic tape as an "inde­
pendent" data set. Several intense photopeaks were computer analyzed and 
the resultant peak position variations are summarized with memory trans­
fer time in Table 2. 
The 25 "independent" data sets represented in Table 2 were later 
summed unaltered, point by point, to form one true 13-hour "equilibrium 
singles" accumulation. A sample fit for a gamma-ray triplet sensitive 
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Table 2. Photopeak position as a function of time 
Time 89A keV 1836 keV 2678 keV 
(hours) Position ITnc. Position Une. Position 
160U 1415. 59 0 .03 2894. 16 0 .03 4221. 24 0.07 
16 34 1415. 56 0 .03 2894. 1 1 0 .03 4221. 2 6 0.06 
1655 1415. 62 0 .03 2894. 17 0 .03 4221. 20 0.06 
1*7 20 1415. 5 3 0 .03 2894. 07 0 .03 4221. 26 0.05 
T7U2 1415. 70 0 .03 2894. 26 0 .03 4221. 34 0.06 
1805 1415. 72 0 .03 2894. 3 0 0 .03 4221 . 36 0.05 
1827 14 15. 82 0 .03 2894. 41 0 .03 4221. 59 0.07 
1850 1415. 79 0 .03 2894. 36 0 .03 4221 . 62 0.06 
1912 1415. 71 0 .02 2894. 27 0 .02 4221. 34 0.05 
19 35 1415. 78 0 .03 2894. 35 0 .03 4221 . 44 0.06 
2025 1415. 74 0 .02 2894. 32 0 .02 4221. 45 0.05 
21 15 1415. 5 2 0 .02 2894. 17 0 .02 4221. 29 0.05 
2210 1415. 49 0 .02 2894. 13 0 .02 4221. 42 0.06 
2230 1415. 49 0 .0 3 2894. 20 0 .03 4221 . 48 0.0 6 
2257 1415. 5 3 0 .02 2894. 25 0 .02 4221. 57 0.05 
2.315 1415. 37 0 .03 2894. 03 0 .03 4221. 34 0.05 
2335 1415. 3 8 0 .0 3 2894. 09 0 .03 4221. 3 6 0.05 
2aoc  1415. 41 0 .03 2894. 12 0 .03 4221. 37 0.06 
0023 14 15. 35 0 .02 2894. 06 0 .03 4221. 34 0.05 
0045 1415. 37 0 .02  2894. 11 0 .03 4221 . 40 0.05 
0120 1415. 51 0 .03 2894. 26 0 .03 4221. 55 0.05 
0210 1415. 69 0 .02 2894. 41 0 .03 4221. 63 0.06 
0240 1415. 35 0 .03 2894. 08 0 .03 4221. 39 0.06 
0315 1415. 43 0 .03 2894. 20 0 .03 4221. 41 0.05 
0400 1415. 66 0 .03 2894. 40 0 .03 4221 . 63 0.06 
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to peak position variation is shown in Figure 12 as an indication of the 
long-term system energy resolution and stability using detector "e" (see 
Table 1). 
All gamma-ray singles were taken with the full 8K conversion of the 
Geoscience ADC. In order to minimize any count-rate dependent effects 
on amplifier gain and ADC operation, the analyzer dead time was held as 
nearly constant as possible throughout the four data sets. In a few 
cases two simultaneous 4K singles data sets were accumulated in addition 
to the 8K spectra. This required splitting the detector preamp signal 
or adding another complete singles counting system. The latter case was 
used most frequently and it involved detector "d" and the two 4K TMC 
217A ADC's from the dual parameter unit operating in the anti-coincidence 
mode. These two 4K singles were identical except for small gain differ­
ences in the front ends of the two ADC's. The insertion of a biased 
amplifier into the 4K singles system allowed qualitative investigation 
of specific regions of interest in the gamma ray spectra. The term 
"qualitative" is emphasized here because the maximum fluctuations in the 
integral nonlinearity curves for the 4K ADC's were nearly an order of 
magnitude greater than the maximum limits observed in the 8K ADC. (This 
effect was measured without a biased amplifier in the circuit. Previous 
experience indicates that using a biased amplifier with these ADC's would 
contribute even more to the high integral nonlinearity.) 
It should be noted here that the digital base line offset circuitry 
in the Geoscience 8050 ADC did not appreciably affect the linearity 
characteristics of the counting system. Using the "digital base line" 
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Figure 12, Gamma-ray triplet sensitive to peak position variations 
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with the TC 203 BLR amplifier allowed a 20 to 30 percent digital bias 
before the saturation effects in the amplifier became noticeable in the 
upper limits of the ADC conversion range. 
C. Singles Measurement Procedure 
For accurate energy determinations each experiment required a mini­
mum of four data sets, which are best described as the calibration, un­
known, calibration plus unknown and background. 
A description of the four classes of data taken follows: 
i) Unknown. The duration of the unknown run was the longest of 
the four sets and this accumulation was usually done first. The long 
88 half-life of Kr (2.77 hours) required that the mass separator be tuned 
on the basis of beam current and not beam activity. The fact that these 
two maxima did not fall on the same position in the ion beam profile 
usually extended the optimization of the beam activity into several 
hours. Sufficient statistics were normally obtained in the singles runs 
after four to eight hours of optimized beam time. 
ii) Calibration plus unknown. This combination included a cali­
bration source, usually ^^Co, placed on the detector center line between 
the detector and the unknown source. Information allowing the internal 
calibration of the most intense peaks in the unknown data set was ob­
tained from this spectrum. The final energies were then assigned on the 
basis of the internal calibration. 
iii) Calibration. The gamma-ray energy standards of ^^Co (48,49), 
57co (49,50), (51), ^®^Ta (49,50,52), ^^^ir (48,49,50,52), ^ ^^Ra (49), 
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and Am (53) were used in this work. The sources of ^ ^Co, ^^^Ta, 
226 
and Ra were also used to calculate the relative efficiency characteris­
tics of the detector using the gamma-ray branching of Gunnink et (49). 
Each calibration run contained all the listed standards aligned on the 
detector axis in such a manner that the intense peaks in the various 
sources accumulated at nearly the same rate,and the overall analyzer 
dead time equaled the unknown dead time. The determined positions and 
known energies of these standards were then used to determine any devi­
ations in the assumed linear energy response of the ADC's. The line width 
in the resultant integral non linearity curve was taken as the sum in quad-
ruture of the stated accuracy in the calibration energies and the calcu­
lated error in the peak position (in keV). The mechanics in assigning 
the final energies will be discussed in the chapter on data reduction. 
iv) Background. Whenever possible, the background measurement was 
made under the exact conditions of the unknown data set. The data were 
taken with the detector in position and the separator and reactor in 
operation. In practice, the long-lived ion beam components stopped in 
the heavily shielded isotope separator collector box, located three meters 
from the detector position, did not contribute to the background spectrum. 
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An unpredicted contribution to the background spectrum was from Bi, a 
beta calibration source introduced into the moving tape collector for 
other experiments. Other noticable background contributions to the un­
known spectrum were ^ ^Co, ^^^Cs, and ^^Ar. There were components in the 
OQ 00 
mass-separated beam other than Kr and Rb that were originally tagged 
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as background. It was later possible to make definite isotopic assign­
ments to these "contaminants", as discussed In Chapter V. 
D. Coincidence Measurements 
In addition to the above singles information, 60-cm^ Ge(Li) by 
60-cm^ Ge(Li) coincidence information was obtained. The data were taken 
with the detectors mounted on the moving tape collector with an equili-
88 88 brium source of Kr and Rb deposited on the stationary tape. Coin­
cidence count-rate considerations did not warrant the analysis of coin-
88 88 
cidence information for Kr-enhanced or chemically-separated Rb 
sources (see Chapter IV for an explanation of Kr enhancement and Rb 
chemical separation procedures). 
The dominant feature of the two-parameter system as outlined in 
Figure 13 was the buffered-memory magnetic tape recording system, or 
"buffer tape". This unit contained three elements, the format selector 
pictured in Figure 14, a 2 x 2K memory buffer and a Precision Instru­
ments Model PI 1200 incremental tape drive. The energy signals from 
detector-preamp units "d" and "e" were processed by TC 203 BLR Linear 
Amplifiers (LA) and delayed by Mectronics Nuclear 506 Delay Amplifiers 
(DA) for 2.4 microseconds. The signals were digitized by two 4K TMC 
Model 217A ADC's which provided the input information to the format 
selector- Coincidence information could be handled in either a "direct" 
mode or "buffer" mode. In the direct mode the coincidence information 
bypassed the buffer tape memory and was routed into the analyzer memory 
through predetermined lower and upper gating limits. This procedure 
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was limited to a maximum of sixteen, IK coincidence spectra per experi­
ment. For the resolution desired here the direct mode limited each 
coincidence experiment to four, 4k spectra. The buffer mode was used 
exclusively in this work because of its ability to provide coincidence 
information on magnetic taps that allowed the experiment to be played 
back any number of times through arbitrarily many coincidence gates. 
If the timing requirements were satisfied for a coincidence in de­
tectors A and B, a coincidence signal gated the two ADC's, routing the 
address location of the A*B pair into a memory position of the buffer 
memory. Each half of this pair was also routed into an appropriate 
section of the analyzer memory creating a total coincidence profile. 
After 2K coincidences were recorded, the buffer contents were transferred 
to magnetic tape. A 2400-foot reel of magnetic tape held about 1700 
buffers or 3.5 x 10^ coincidence events. Buffer transfer intervals, a 
measure of the coincidence count rate, ranged from 15 to 45 seconds or 
approximately 7 to 24 hours per reel. The coincidence information de­
tailed later was processed from data contained on four reels of tape 
which were recorded over a 48-hour period. 
The playback mode read the recorded address pairs through the format 
selector. Upper and lower limits of a coincidence gate were binary coded 
into the format selector using diode pins. If the "B" half of an address 
pair was within the gate limits, the corresponding "A" address was routed 
into the proper analyzer memory section. Only 15 minutes were required 
to mount, playback and rewind a 2400-foot reel of magnetic tape. In­
cluding an additional half-hour to reset the gate limits, the buffer mode 
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allowed a two-day coincidence experiment to be "repeated" every ninty 
minutes with a new set of gates. 
Each half of the timing circuit in Figure 13 used an Ortec 454 
Timing Filter Amplifier (TFA) and an Ortec 453 Constant Fraction Timing 
Discriminator (CFTD) to set the timing pickoff for the start (or stop) 
pulses of the Ortec 437A Time-to-Pulse-Height Converter (TPC). The 
lower level discriminator on the CFTD was set such that the 59.54-keV 
241 line of Am was just rejected. A Canberra Industries 1430 Single-
Channel Analyzer (SCA) generated the gating pulse for the two TMC ADC's. 
The measured timing resolution of this system was typically 15 to 20 
nanoseconds FWHM (see Figure 15). The two delays of 12 nanoseconds each, 
necessary for the constant-fraction-of-pulse-height trigger in the CFTD, 
and the 63-nanosecond delay in the stop channel, were obtained using a 
Quadruple Nanosecond Delay Model 032 obtained from Science Accessories 
Corporation. 
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IV. DATA ACQUISITION AND ANALYSIS 
A. Data Transfer and Display 
1 . Data transfer and correction 
The data link or interface between the analyzer memory and central 
computer was In the form of seven-track magnetic tape. After the data set 
was recorded on seven-track magnetic tape, it was checked for two types 
of anomalies (internal consistency and local defects) before it was 
transferred to a private disk pack. The use of the disk pack not only 
afforded economical direct access data storage, but greatly minimized 
the risk of damaging the valuable data stores on the seven-track tapes. 
With the large number of data sets transferred during the course of an 
experiment (as many as 75 for one of the equilibrium singles runs), it 
was necessary to guard against the possibility of transferring or erasing 
only a portion, or the wrong subsection, of a data set. Hence, any data 
sets with incorrect record length were disregarded in the final analysis. 
One local defect was memory overflow in the most intense peaks of the 
spectrum. The overflows were corrected by adding the proper multiple 
of 10^ to the bad data points through an option in the TRANSFER program. 
Another local defect was the dropped channel, probably due to transient 
signal pickup during the memory readout. If the bad point occurred in 
the region between peaks, the point was replaced by the average of the 
contents of the two adjacent channels. If the dropped channel was with­
in the limits defining a peak and sufficient statistics could be main­
tained without the data set, the daia were discarded. Otherwise, the 
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dropped channel was replaced by a reasonable estimate to allow the nor­
mal execution of programs such as PEAKFIND and SKEWGAUS. The position 
of this "corrected" peak was noted and care was taken to obtain the 
needed information concerning the peak energy and area from other 
sources. 
2. UPLOT 
Rather than search piles of eyestraining computer listings of 
channel contents, most corrections were made from high-resolution com­
puter-generated graphical output. UPLOT, a utility plotting routine, 
was used to generate the graphical controls for a CalComp Digital In­
crémental Plotter. The function of UPLOT was to arrange, correct if 
necessary, provide an optional printed record, and plot the data. 
B. PEAKFIND 
The photopeaks in the corrected data were located using PEAKFIND. 
The peak locating algorithm contained in PEAKFIND follows that developed 
by Mariscotti (54). This method assumes that the background in a gamma-
ray Spectrum can be approximated by a linear function over a short range-
Thus, for a continuous spectrum, the second derivative of the region be­
tween peaks vanishes but in the vicinity of a peak has a nonzero value. 
The same behavior in the second differences {S) calculated for each 
channel should hold for a smooth discrete spectrum. In practice, how­
ever, the statistical fluctuations in the data are such that at the 
position of a weak peak the standard deviation in ^  is of the order ^  
and no peak identification is possible. To reduce the threshold for 
peak location it is necessary to average the entire second-difference 
spectrum N times, over a channel interval defined by a "smoothing win­
dow". The optimum values of N and the "smoothing window" are 4 and 
0.6(FWHM), respectively, where FWHM has the value for the median energy. 
A peak is identified in the smoothed second-difference spectrum if a 
region of positive S is followed by a region of negative S with specified 
width and magnitude. This differs slightly from Mariscotti's method in 
that no stringent criteria is applied to the leading positive second-
difference region. By relaxing the restrictions on the leading positive 
4 
region, peaks with intensities of the order of one part in 10 were 
reliably located, a sensitivity which would have been improbable other-
wi se. 
One disadvantage to this modification is that the Compton edge 
rejection criteria is also relaxed. Other means exist, however, for 
the identification of Compton edges (see DRUDGE). 
PEAKFIND calculates the position and intensity of each peak lo­
cated from information contained in the second-difference spectrum 
and produces punched card output for more detailed analysis in SKEWGAUS. 
For those peaks with intensity above a specified cutoff (usually two 
percent of the most intense peak) a computer fit is initiated using the 
skewed Gaussian fitting function as described in SKEWGAUS. The pro­
gram will fit as a doublet any two peaks which are partially resolved 
(with peak centroids separated by more than one FWHM). The identifica­
tion of unresolved doublets is possible with PEAKFIND output if the 
proper constraints are maintained on the FWHM parameter. Up to nine 
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peaks may be grouped in a single fit and graphical output is provided 
for each attempted fit. 
C. SKEWGAUS 
The program SKEWGAUS is used to fit the peak plus background in 
Ge(Li) gamma-ray spectra simultaneously. The background under a peak 
may be specified as linear or quadratic while the general analytical 
function describing the peak is than of a skewed Gaussian. The main 
function of the program is to determine an accurate value for the peak 
position (X^)^ peak height above background (C), and peak areas by both 
numerical and analytical integration. As many as nine peaks can be 
grouped in a single fit with up to seven variable parameters per peak. 
The program is designed around standard nonlinear least-squares 
(NLLS) fitting techniques (55,56,57) in which the best fit to the data 
is assumed to be that which gives the minimum value of chi-squared, Q,. 
Defining the fitting function by 
( I )  
X. = set of n channel numbers contained in fit interval 
p. - the m parameters defining the skewed Gaussian shape 
the value of Q. to be minimized is given by 
(2 )  
y. = numerical content of channel i 
f. = calculated value of y at channel i 
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w. = a "total" weight used to describe statistical fluctuations in 
the data and instrumental peculiarities. 
The NLLS fitting technique used here is an iterative procedure based 
on Gauss's method. Each computer fit to the data requires an initial 
estimate of the m fitting parameters, p. . The function f is expanded 
i o 
in a Taylor series about the point defined by the initial estimates, 
(pjo» P20'""' ^ mo^ dimensional parameter space. The result of 
the expansion is a series linear in 
APi -P; - P ; o  
to first orcsr in A p. . Q. is written in terms of the "linearized" f 
I o 
as 
1  =  1  I  
+ (AP2) + • (3) 
•^ 2 
The minimization of equation (3) with respect to the parameter increments 
Ap. results in a system of m linear equations (equation (4)) which are 
solved using double precision matrix inversion techniques. 
where [Sf./3(pj)]. represents the value of the first derivative of f 
with respect to the j parameter increment evaluated at each data 
point and summed over the n points included in the fit. 
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The weights, w., used in evaluating Q. are not the purely statisti­
cal weights, (l/Y.). It has been noted (56) that the use of statisti­
cal weights increases the value of Q, by inappropriately decreasing the 
significance of the peak channels relative to the background infor­
mation. The weights used here are adjusted according to the following 
relation. 
w. = 1/ly. + [y..(DIFLIN)]^ + CONST-(y , - y.)}. 
I " I I J max I ' 
The denominator, term by term, describes: 
1. statistical uncertainty assuming uniform channel width in 
the ADC, 
2. contribution to the uncertainty by fluctuations in channel 
width (DIFLIN corresponds to manufacturer's quoted maximum 
differential nonlinearity), and 
3. an arbitrary constant (CONST) which is added to decrease the 
weighting of the background relative to the peak channel. 
Each iterative solution of equation (4) returns a new set of para­
meter increments Apj, hence a new set of parameters 
Pj' ° "j ^  '^ y 
Any parameter for which Apj is less than a preset value is treated as 
a constant in successive iterations. The iterative solution of 
equation (4) continues until one or more of the following conditions 
are met: 
1. All parameters change by less than a preset value. 
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2. Q. changes by less than a predetermined amount. 
3- A maximum number of iterations is reached (default = 30). 
k. Q. increases. 
5. The matrix solution to equation (4) becomes singular. 
For reasonable initial parameter estimates (those determined in PEAK-
FIND and SKEWGAUS) a single peak usually satisfies the first two con­
vergence criteria outlined above in less than five iterations, while 
multiplets may require fifteen to twenty iterations. The termination 
of any fit under the last condition is usually due to an operator error 
or an infrequent "dropped" channel. 
SKEWGAUS catalogues, according to peak energy, the initial param­
eter estimates, the value of the "free" fitting parameters for each 
iteration,and a summary of the final calculated parameters and their 
associated errors. Not all parameters describing the skewed Gaussian 
line shape are varied or are "free" in each peak fit. The "fixed" 
parameters are expressed as linear functions of peak energy and are 
assigned the appropriate value for the current fitting energy. The 
program also prints out in tabular form the raw data and the value of 
the fit function for each data point. A computer plot is prepared 
from the same information and is displayed as the square root of the 
counts (ordinate) versus channel number. The program also gives the 
last calculated value of Q. and the "variance" for each fit. The 
variance is calculated as Q/v where v = n - m, the number of degrees 
of freedom for the fit (n - m = number of data points minus number of 
nonconstant parameters). 
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The final errors in the parameters returned by SKEWGAUS are of the 
form 
6(p.) = 
where represents the diagonal element of the inverted matrix used 
In the last iteration of equation (4). The fit is usually labeled as 
"good" if 2-6(height) < height, 0 ^  Q,/v~ 1, and 68 percent of the data 
points lie within one standard deviation of the calculated fit. 
For Ge(Li) spectra the peak fitting function is comprised of three 
regions (see Figure 16) in addition to linear or quadratic background 
terms. A constant backscatter tail is also included for silicon de­
tector spectra. 
Region 1 contains a low energy exponential tail plus a lower skew-
ness (SL) parameter, 
y = C.[1 + SL-(z - z^)^]-exp[-z^(22 - z^) ]. 
Region 2 contains a pure Gaussian function only, 
2 y = C*exp(-z ). 
Region 3 contains a pure Gaussian plus a higher skewness (SH) 
parameter, 
y - C.[l + SH«(-z)^]"exp(-z^), 
with C defined as the height of the peak above background at the 
centroid (X^) and 
z = a/In 2 (x - X^)/FWHM. 
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The "crossover" point, 
TAU = X - X , 
o c 
and the full-width at half-maximum (FWHM) are given in channels. The 
exponent of the polynomial terms in Region 1 and Region 3, of four and 
five respectively, have been determined empirically from experimental 
spectra analysis. 
The effects of SH and SL are illustrated in Figure 16. The skew-
ness terms are included in the fitting function to handle nonlinear 
detector responses. The SH parameter effectively fits pulse pile-up 
skewing encountered in high count-rate experiments while, SL is included 
to account for nonlinear detector responses such as impurity trapping 
in the intrinsic region. The dashed line in Figure 16 illustrates the 
loss of peak symmetry below TAU. 
The multiplet fitting capabilities of SKEWGAUS are illustrated 
in the previous Figure 12 and in the partially resolved sextuplet of 
Figure 17- While SKEWGAUS will process up to nine peaks simultaneously, 
the accuracy of the fit is improved with fewer peaks. The failing 
accuracy in the multiplet fit is due to the difficulty in defining a 
background function over extended regions of a gamma-ray spectrum. 
D. DRUDGE 
DRUDGE was designed as a "secretary" program to expedite the many 
steps needed to extract accurate energies and intensities from the 
SKEWGAUS output information. 
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Figure 17. Unresolved gamma-ray multiplet fit from SKEWGAUS 
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The program calculates transition energies, makes relative 
efficiency and absorption corrections, indicates which peaks are dis­
turbed by Compton edges, and searches for possible single- and double-
escape peak combinations for each peak in the input list. 
Energy assignments require information from three data sets. The 
integral nonlinearity (INL) of the system is calculated from the cali­
bration data consistent with 
= E,sq - ^calib 
where E^^^ is the linear least-squares energy dependence of the cali­
bration spectrum and is the accepted calibration energy. An 
JNL table suitable for linear interpolation is prepared for DRUDGE from 
a graph of ÔE versus E^^^ similar to that shown in Figure 18. 
DRUDGE calculates the energy dependence of the system by first 
applying the INL correction to the input calibration energies and fit­
ting a linear least-squares energy dependence to the corrected energies 
and their corresponding position. The parameters resulting from the 
above fit are used to assign the energies to the SKEWGAUS peak positions 
(CH.) with the rule 
E. = EQ (keV) + ECH (keV/channel)-CH. - 6E. 
where 6E. is the linear interpolated INL associated with the i^^ peak 
energy. Using the above procedure, the calibration plus unknown data 
is used to establish the energy of several intense peaks in the unknown 
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Figure 18. Integral nonlinear!ty curve for singles spectrum 
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data. This "internal" calibration is then used to assign the final 
energies for the rest of the unknown data set. 
DRUDGE next makes absorption and detector relative efficiency 
corrections to peak areas input from SKEWGAUS. The absorption correc­
tion for material placed between source and detector is compiled in 
tabular form from X-ray attenuation coefficient data published by the 
National Bureau of Standards (58,59)- These absorption corrections, 
when required, are folded into the relative efficiency curve. The 
relative efficiency curves were constructed from detector efficiency 
calibrations using gamma-ray standards ^^Co, '^^Ta, and ^^^Ra 
and include a permanent 0.63 cm plexiglass beta-ray absorber on the 
detector face. The "total" relative efficiency correction for each 
energy is calculated in DRUDGE using a log - log interpolation procedure 
and the uncertainties in the relative intensities reflect a five percent 
uncertainty assigned arbitrarily to the relative efficiency calibration. 
Compton edge positions are calculated for each peak. If a peak is 
found to be within 10 keV of a probable Compton edge and has an intensity 
less than that expected for the Compton edge on the basis of the known 
peak-to-compton ratio for the detector involved, the peak is labeled as 
"disturbed". Any peak so labeled was again examined in more detail in 
SKEWGAUS. 
An extensive search for single- and double-escape peaks, SE and DE 
respectively, is also carried out in DRUDGE. The input information for 
this portion of the program consisted of SE-to-photopeak and DE-to-photo-
peak ratios, SR and DR respectively. These ratios were calculated for 
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each detector using calibration data as well as experimental data sup­
plied by other users of the TRISTAN system. Plots of these ratios 
against photopeak energy for detector "e" are shown in Figures 19 and 
20. For each peak in the input listing, DRUDGE applies the proper 
energy considerations and treats the peak first as a photopeak with 
associated SE* and DE* peaks, then as a possible SE or DE peak of X and 
Y respectively. The positions of SE', DE', X and Y are calculated and 
the input list is searched with a four keV tolerance to locate any peaks 
which correspond to these positions. If the proper escape-peak, photo­
peak energy relationships are found, the intensity ratios for the peaks 
are calculated and tabulated with linear interpolated values from the SR 
and DR tables. No intensity checks are made on the calculated ratios 
but a special symbol is printed in the table if both SE and DE peaks 
are located for an existing photopeak. The escape peaks can be readily 
identified on the basis of this output. 
E. RATIO 
RATIO is used to calculate relative intensity ratios for the corres­
ponding members of two data sets (DS) of the form DS1/DS2. Input ener­
gies, relative intensities and associated uncertainties are a punched 
output form of the DRUDGE tables. 
The program first calculates the desired relative intensity nor­
malization for each data set. For comparison of the "equilibrium" (DSl) 
88 88 
and "enhanced" (DS2) data sets (see Isobaric Separation of Kr and Rb 
Activities), the normalization was chosen such that the relative intensity 
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88 
of the 2392-keV line in the decay of Kr was equal to 1000. This re-
88 
suited in intensity ratios of the order unity for the decay of Kr and 
88 
ratios greater than five for the decay of Rb. Background and con­
taminants appeared in the listing with ratios of less than 0.3. 
F. Coincidence Data and Energy Level Scheme Construction 
1. Coincidence data 
In order to eliminate the unwanted coincidence information due to 
those events in coincidence with the background under a gating transi­
tion, an additional gate was placed on the Compton background immedi­
ately above the gating transition. The results from these two gates 
then contained all the necessary information to construct "true" plus 
"accidental" coincidence spectra. in most cases the coincidence infor­
mation was good enough only to make a "yes" or "no" coincidence assign­
ment, in which case the data were interpreted directly from the plots of 
the raw data shown in Figure 21. Because of the care utilized in set­
ting equal size coincidence and background gates, it was also possible 
to do a point-by-point subtraction of the background gate from the coin­
cidence gate spectrum. The results of this subtraction as applied to the 
data in Figure 21 are shown in Figure 22. Since the coincidence source 
88 88 
of Kr- Rb was in equilibrium, a constant indication of the accidental 
coincidence rate was present by noting the contribution of the "con-
88 88 
taminant" Kr ( Rb) to the coincidence and background gate associated 
0 0  O p  
with the Rb ( Kr) transitions. The accidental "rate" ("contaminant" 
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peak Intensity in the subtracted spectra) was used as the threshold 
for coincidence assignment. 
2. LASP 
LASP or Level Adding Search Program forms various additive com­
binations of final gamma-ray and level energies to aid in the con­
struction of nuclear level schemes. The program is designed to add newly 
determined levels to the existing list and execute again according to 
the specified option. LASP requires an accurate list of transition 
energies, a list of known levels, a tolerance value for agreement of 
the energy sums and NRANGE (the minimum number of times a level must be 
found before it is added to the list of known levels). Other input 
includes EMIN (EMAX), the limits below (above) which no new levels are 
added to the level listing. 
LASP first places all appropriate transitions into the existing 
input level scheme allowing for multiple placement and then proceeds 
to find new levels with the option of deleting from the search those 
transitions that fit into the input scheme. The three searching modes 
test for new energy levels above, below, and between known energy 
level pairs. 
On the preliminary executions of LASP, NRANGE was set equal to 
four and all transitions were retained for the search. The results of 
this technique gave a rudimentary energy level scheme from which the 
first set of coincidence gates were tabulated. This coincidence-
verified scheme was then used as the skeleton for the subsequent 
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execution of LASP. Another option of the program allowed NRANGE to be 
decreased by one on each iteration until a preset limit was reached. 
This option was used almost entirely for the completion of the level 
schemes. New coincidence gates were tabulated as the schemes expanded. 
As the skeleton of coincidence verified levels (CVL) grew, transitions 
involved in those levels were removed from the input list, thus greatly 
reducing the geometrically expanding output of LASP. 
88 
An energy level found by LASP in the decay of Rb was kept if one 
of the rules listed below was satisfied. 
1. The new level was kept if it was tied to the existing CVL by 
additional coincidence data. 
2. The level was kept if it was fed by and depopulated by at 
least two transitions from established energy levels. 
3. The new level was kept if it was depopulated by three transi­
tions to CVL. 
4. If the only possible placement without the new level exceeding 
Q,_ was as a direct ground-state transition, that placement 
P 
was retained. 
88 
The rules for establishing new energy levels in Rb resemble those 
above with the following exceptions. 
2. The level was kept if it was fed and depopulated by at least 
three transitions from established energy levels. 
4. This rule was no longer applicable. 
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G, Isobaric Separation of Kr and Rb Activities 
88 
The decay chain starting with Kr represents the only case of 
transient equilibrium present in the noble gas fission products cur­
rently available to the TRISTAN facility. This particular half-life 
order presented special problems in the isobaric assignment of the 
observed gamma-ray transitions. To aid in the identification of the 
species, two procedures were followed. The first procedure involved 
88 88 88 
the chemical separation of the Rb from an equilibrium Kr- Rb 
source. Chemical separations proved difficult but provided a well-
separated sample at greatly reduced activity. The second procedure 
made use of the moving tape collector (MTC) to enhance the detection 
88 
of the Kr activity. While this krypton enhancement also utilized a 
very low specific activity, it provided an effective basis for the 
identification of all but the lowest intensity transitions. 
Equilibrium samples for chemical separation were collected on 
0.05-mm copper stock measuring 2.5 cm by 0.63 cm. The copper target 
was chosen in this case because of its solubility in concentrated 
acids and excellent retention of the incident ion beam. Placing the 
target in the beam was done easily using the off-line collector box 
previously described. Typical deposition times for sources to be 
chemically separated ranged from one to three hours with resultant 
surface beta activities of two to three roentgens per hour (measured 
with a ORNL Cutie Pie Mark IV radiation meter). 
Figure 23 represents the isobaric activity at the copper target 
88 
for the beta decay chain shown below. The Kr production rate from 
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Figure 23. Isobaric production and decay curves for constant Kr production 
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the ion beam deposition is designated by P. 
\^Kr (N,) T,/2 = ^ (N^) T,/, = ^ 
2.77 hours 18 min^ 
The resultant activités are normalized to unit production (\. N/P). 
Branching of the production-decay curve in Figure 23 at one, one and 
one half, two and three hours was calculated to determine the optimum 
point for chemical separation of the rubidium daughter product. The 
figure indicates that the maximum daughter activity occurs at 30 to 45 
minutes after the target was removed from the beam. The chemical 
separations were timed to coincide with this period of maximum acti­
vity. 
Two chemical separation methods were employed. The first method 
used a nitrogen carrier to flush the krypton activity from the 6N HNO^ 
target solution into a liquid nitrogen trap. The initial rubidium 
activity was recovered by dissolving the rubidium and precipitating 
with a rubidium carrier in a sodium tetraphenyl boron solution (cp^B) . 
The initial source measured only 50 to 100 mi 11iroentgens per hour 
through the centrifuge tube. This significant loss of activity can be 
attributed to the low efficiency in the chemistry as well as the delay 
88 (nearly three half-lives of Rb'> to prepare the first sample. The 
activity of the initial source was replenished periodically by volati­
lizing the krypton into another liquid nitrogen trap and performing 
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the above chemistry on the residual rubidium. This process was re­
peated approximately every thirty minutes for each one of five targets. 
Since this first method led to poor rubidium recoveries and long 
separation times, Bio Rad AMP-1 ammonium molybdophosphate cation ex­
change crystals were tried instead of Tests with these crystals 
showed that a few milligrams equilibrated for one to two minutes with 
the 6N HNOg-rubidium solution gave quantitative recovery. The use of 
the exchange crystals also allowed a factor of 20 reduction in the 
rubidium concentration in the rubidium carrier solution. Again a total 
of five targets were processed but the more efficient rubidium re­
coveries reduced the required secondary separations from four to one 
per target. 
Because the chemistry was not completely effective in removing 
all of the krypton activity, each new source or replenished source 
renewed the possibility of contaminating the gross gamma-ray spectrum. 
To minimize the contamination contribution to the spectrum the follow­
ing precautions were taken with the analysis. First, before each 
source change, the analyzer memory contents were read onto magnetic 
tape and the memory was reset to zero. Second, no source replenishment 
was made that would constitute cross contamination of two targets. 
In the analysis of the chemically separated spectra, the position 
88 
and intensity of the 835 keV (898 keV) transition in the decay of Kr 
88 ( Rb) were monitored in each data set. The check on the peak position 
showed that no perceptible gain shifts had occurred during the 12-hour 
counting period. Analysis of equilibrium data showed the relative 
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intensity of the 835-keV and 898-keV transitions to be 615 and 686 re-
88 
spectîvely (normalized to the l836-keV transition in Sr, taken as 
1000). Analysis of the spectrum created by a point-by-point summation 
of all the chemically separated data sets resulted in relative inten­
sities of 119 and 682 for the 835-keV and 898-keV transitions, re­
spectively. By selecting the least "contaminated" data sets and again 
doing the point-by-point summation, the analysis gave relative inten­
sities of 9 and 696 for the 835-keV and 898-keV transitions. (The 
fluctuations in the intensity of the 898-keV photopeak agree to within 
the errors of the experiment.) 
As an additional aid to identification of the krypton activity a 
88 
method was sought to enhance the Kr decay. It was decided to use 
the moving tape collector (MTC) in a sequential stepping mode to sweep 
away the bulk of the deposited activity before a significant amount of 
88 
the Rb activity could grow in. The sequential stepping mode used in 
this experiment allowed the detection system to "look" at the deposi­
tion point during the deposition time, T. At the end of T, the analyzer 
was gated off, the beam deflected from the deposition point and the 
tape advanced a pre-determined distance to a well-shielded area. (Since 
the isobaric assignments were being made on the basis of relative in­
tensity enhancement, the choice of the stepping mode over a continuously 
moving tape was significant. It has been noted that a continuously 
moving tape introduces energy-dependent relative intensity variations 
which arise from insufficient shielding and detector collimation (46).) 
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The operation point for the MTC was determined by examining in 
more detail the zero to 25-minute region of the isobaric decay curves 
88 88 
of Figure 23. The Kr and Rb activities (normalized to unit activity 
88 (x N/P)) based on the assumption of constant Kr production are plotted 
versus the deposition-analysis time, T, in Figure 24a. Figure 24b, in­
dicates the ratio of the specific isobaric activities at time T. By 
integrating the decay equations of Figure 24 over the deposition-analysis 
time, T, (see Figure 25a) it was possible to calculate an integrated 
activity ratio or enhancement ratio for a specified elapsed deposit 
time, T. The integrated activity ratio versus analysis time, T, is 
shown in Figure 25b. Initially it was thought that reducing the rubi­
dium contribution by at least a factor of 10 would be necessary for 
88 
unambiguous identification of the Kr activity- From Figure 25b, this 
gave T = eight minutes and a specific krypton activity (from Figure 24a) 
equal to three percent of the equilibrium value. 
The experimental procedure indicated that T = eight minutes was in­
deed sufficient and in fact could be lowered to T = two minutes and 
still maintain a reasonable run duration. With this new operating point, 
less than one percent of the equilibrium krypton activity was counted 
and an optimum enhancement ratio of 40 should have been realized- The 
optimum enhancement ratio was not obtained and the reduction of the 
ratio to 15 can best be attributed to the difficulty of completely 
shielding the 60 cm -Ge(Li) detector from the gross activity on the 
takeup reel located less than one meter from the detector. The net 
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(b) (bottom) Specific activity ratio Kr/ Rb 
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Figure 25. Mass 88 integrated activities assuming constant Kr 
production 
(a) (top) Integrated activity for A = 88 
OQ OQ 
(b) (bottom) Integrated activity ratio Kr/ Rb 
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effect of this enhancement was to mechanically delete from the spectrum 
88 
all but the most intense transitions in the decay of Rb. 
A group of transitions in the krypton enhancement were found to 
obey relative intensity relationships other than those expected for 
oq qq 
the Kr and Rb transitions. The first expectations were to identify 
these transitions as background radiation, since the drastic overall 
reduction in counting rate would "enhance" a constant background. How­
ever, after making the background assignments, a list of 25 transitions 
remained. The remaining possibilities were: 
87 
1. This particular run was sensitive to 76-mînute Kr activity, 
deposited as ^^Kr 
2. The operating mode, T = two minutes, made the experiment 
sensitive to a short-lived isobaric contaminent. 
87 
The Kr hydride activity was found to be negligible, leaving the possi­
bility of another short-half-live component. These remaining transi-
88 
tions were later assigned to the decay of l6-second Br and 56-second 
^^Br (see Chapter V). 
Figure 26 shows a comparison of a portion of the spectra for the 
00 go 20 38 
Kr enhancement and Rb chemical separation to the Kr- Rb equili-
88 88 
brium singles spectrum. The intensity reduction in the Rb ( Kr) 
88 88 
peaks is quite evident in the Kr enhancement ( Rb separation) spectrum. 
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Figure 26, Spectra comparison indicating isobaric separation capability 
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V. RESULTS 
The results of the data analysis described in the previous chapter 
88 
are presented here. The beta decay of Kr is treated first in terms 
88 
of raw data, transitions assigned to the decay of Kr and construction 
88 
of the Rb level scheme. The experimental picture is completed with 
88 
the calculation of log ft's for the Kr beta decay. A similar treat-
88 
ment for the Rb beta decay is also presented. The isotopic assign-
88 88 
ments of transitions to either the Kr or Rb beta decay were made 
88 
with the aid of three spectra, of which the most detailed was the Kr -
88 
Rb equilibrium singles spectrum (equilibrium). The other two spectra 
88 88 
were the Rb chemical separation (chemical separation) and the Kr 
enhanced singles (enhanced) spectra. The manner in which these data 
were accumulated has been discussed elsewhere (see Chapter IV section G). 
The detailed equilibrium data were used to assign the energies and 
intensities to the photopeaks whenever possible. 
A. Isobar Ic Assignments from the Kr Enhanced Data Set 
88 
The Isobarlc assignments to the Kr decay were made by comparison 
of the relative intensities in the equilibrium and enhanced data sets 
using the program RATIO. The spectra for these data are shown In 
Figure 27. Nearly 200 (l60) peaks were located In the equilibrium 
(enhanced) spectrum before the escape, background and contaminant peaks 
were removed. 
The first execution of RATIO provided a list of 52 photopeaks from 
88 
the enhanced data list which were consistent with assignment to the Kr 
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Figure 27. Comparison spectra for Kr isobaric assignment 
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decay. Of the remaining 69 peaks in the enhanced data listing, the 
following assignments were made on the basis of energy and relative 
88 intensity (nine of these peaks were above for the Kr decay but 
were not excluded solely on that basis); Twelve (thirteen) peaks were 
87 88 found to be in good agreement with the Br ( Br) energies and inten­
sities as reported by W. L. Talbert, Jr. (60); only four transitions 
88 
were contaminants from the decay of Rb as determined in the chemical 
separation of this work; twelve peaks were attributed to the background 
activities of and ^^^La as listed in the 
gamma-ray tables of Gunnink et £l_. (49) ; finally, eleven peaks were 
interpreted to be neutron-capture gamma rays of Ar, Ge, Cd, A1, H and 
Fe (61).  The original enhanced data list thus contained I8 unassigned 
88 
peaks, most probably attributable to the Kr decay. The enhanced ex-
87 
periment was not sensitive to the 79-minute Kr decay and no contri­
bution from this spectrum was found, although transitions from the decay 
87 
of the 56-second parent Br were seen. 
In the original list of 52 enhanced photopeaks assigned to the decay 
00 
of Kr, 73 percent appeared with a relative intensity, I, greater than 
00 
three (relative to 2392-keV Kr transition intensity taken as 1000). 
It is then reasonable to assume that any peak appearing in the enhanced 
data with I = 3 and not in the equilibrium data listing cannot be as-
00 
signed to the Kr decay. This threshold results in ten of the unplaced 
18 peaks being assigned to the Kr decay. The list of remaining unas­
signed "photopeaks" seen in the enhanced data is as follows: 66.05,  
89 
66.27, 139-78, 175.02, 563-99, 1115.70,1204.50, and l66o.49 keV. The 
last peak, 1660.49 keV, most likely corresponds to the 1661.36 keV 
peak in the equilibrium listing. The nearly 1 keV difference was, how­
ever, atypical for these experiments. 
B. Isobaric Assignments from the Equilibrium Data Set 
87 
Four of the most intense photopeaks from the decay of Kr (62) 
were observed in the equilibrium data list along with 22 photopeaks 
88 
from the decay of Rb. Four additional peaks were attributed to 
'^^Cs, ^ ^Ar and After excluding the original list of 52 gamma 
88 
rays from above for Kr decay, the remaining 36 were found to have 
88 
I > 3-4 and were assigned to the Kr decay. No bromine contaminants 
were observed in the equilibrium spectrum. The final tabulation of 
energies and relative intensities for the 103 photopeaks assigned to 
88 
the decay of Kr is listed in Table 3 along with the intensity per 
100 beta decays and the level placement from the level scheme of 
««Rb. 
C. Special Considerations on Isobaric Assignment 
In addition to the above assignments based on equilibrium and en­
hanced data, four transitions were added to the final listing from 
coincidence and low-energy photon spectrometer (LEPS) measurements. 
Two transitions were accurately measured using detector "a", LEPS 
(see Chapter II). The energy of the 27.53-keV transition was measured 
24l 
relative to the 26,348-keV Am gamma-ray standard and the relative 
intensity I = 56 was measured relative to the 165-99- and 196.34-keV 
90 
T a b l e  3 .  G a m m a - r a y  t r a n s i t i o n s  o b s e r v e d  i n  t h e  d e c a y  o f  s e R r  
n e r q y  R e l a t i v e  I n t e n s i t y  P l a c e m e n t  
( k e V )  I n t e n s i t y !  ( p e r  1 0 0  d e c a y s )  %  ( k e V )  
2 7 . 5 3  ± 0 .  0 4  5 6 .  + 4 .  2 . 2  2 8  - 0  
7 1 . 9 2  + 1 .  0  < 0 . 5  ± 0 , 2  0 . 0 2  2 6 8  — 1 9 6  
1 1 2 . 6 8  + 0 .  3 7  1 . 8 4  ± 0 . 7 2  0 . 0 7 1  
1 1 4 . 4 8  ± 0 .  3 9  2 . 0 1  ± 0 . 7 6  0 . 0 7 8  
1 1 6 . 4 0  ± 0 .  4 3  1 . 5 5  ± 0 . 7 4  0 . 0 6 0  
2 6 8  1 2 2 . 1 5  + 0 .  1 4  5 . 9 0  ± 1 . 0 9  0 . 2 2 9  3 9 0  — 
1 6 5 . 9 9  ± 0 .  0 6  9 8 . 5 1  ± 5 . 1 6  3 . 8 1 9  3 6 2  — 1 9 6  
1 6 8 .  1 8  ± 0 .  1 0  0 . 4 6  + 0 . 1 5  0 . 0 1 8  1 9 6  — 2 8  
1 7 6 . 7 0  ± 0 .  3 2  0 . 8 1  ± 0 . 3 3  0 . 0 3 1  
1 9 6  0  1 9 6 . 3 4  ± 0 .  0 3  7 9 1 . 8 9  t  4 9 . 7 9  3 0 . 6 9 7  — 
2 1 0 . 8 1  ± 0 .  2  2 . 9 9  ± 1 . 3 6  0 . 1 1 6  1 3 5 2  — 1 1 4 1  
2 3 2 . 8 8  ± 0 .  2 5  0 . 5 6  ± 0 . 1 7  0 . 0 2 2  
2 6 8  2 8  2 4 0 . 6 7  + 0 .  0 4  7 . 6 6  ± 0 . 5 0  0 . 2 9 7  — 
3 1 1 . 6 4  ± 0 .  0 8  3 . 4 2  t  0 . 3 5  0 .  1  3 3  
2 8  3 3 4 . 6 9  ± 0 .  0 5  4 . 7 0  + 0 . 3 5  0 . 1 8 2  3 6 2  — 
3 5 0 . 0 7  ± 0 .  4 1  0 . 5 5  + 0 . 3 2  0 . 0 2 5  1 2 1 3  — 8 6 2  
3 6 2 . 2 1  ± 0 .  0 2  7 3 . 3 2  + 3 . 8 5  2 . 8 4 2  3 6 2  — 0  
3 9 0 . 5 2  ± 0 .  0 6  1 8 . 3  + 1 . 0  0 . 7 1 1  3 9 0  — 0  
3 9 1 . 1 8  ± 0 .  1 0  4 . 4  ± 1 .  0 . 1 7  1 6 0 4  — 1 2 1 3  
4 1 6 . 6 8  ± 0 .  4 4  2 . 0 2  ± 0 . 4 8  0 . 0 7 8  1 6 6  1  — 1 2 4 5  
4 7 1 . 7 6  ± 0 .  0 2  2 3 . 1 9  ± 1 . 2 5  0 . 8 9 9  8 6 2  — 3 9 0  
4 9 9 . 9 4  ± 0 .  1 5  1 0  . 5 4  ± 1 . 2  0 . 4 0 9  8 6 2  — 3 6 2  
5 1 7 . 0 0  ± 0 .  3 9  1  . 0 8  + 0 . 4 7  0 . 0 4 2  2 2 3 2  - 1 7 1 5  
5 7 3 . 2 6  ± 0 .  1 4  2 . 6 4  ± 0 . 3 6  0 . 1 0 2  1 7 1 4  — 1 1 4 1  
5 7 8 . 8 5  + 0 .  4 2  0 . 8 1  ± 0 . 3 6  0 . 0 3 1  
1 9 5 3  6 0 2 . 7 9  ± 0 .  2 5  1  . 6 0  ± 0 . 4 0  0 . 0 6 2  2 5 5 6  — 
6 6 5 . 9 0  ± 0 .  1 7  2 . 8 9  ± 0 . 4 9  0 . 1 1 2  8 6 2  — 1 9 6  
6 7 7 . 3 5  ± 0 .  0 5  8 . 0 0  ± 0 . 6 1  0 . 3 1 0  2 3 9 2  — 1 7 1 5  
7 0 8 . 2 4  ± 0 .  3 8  3 . 5 0  ± 1 . 3 1  0 . 1 3 6  1 9 5 3  — 1 2 4 5  
7 3 0 . 8 3  ± 0 .  3 3  1  . 2 0  + 0 . 3 7  0 . 0 4 7  2 3 9 2  — 1 6 6 1  
7 4 0 . 9 5  ± 0 .  3 9  1 . 0 1  ± 0 . 3 5  0 . 0 3 9  1 9 5 3  — 1 2 1 3  
7 5 6 . 2 3  ± 0 .  5 0  0 . 7 9  ± 0 . 3 7  0 . 0 3 1  
1 1 4 1  7 7 4 .  1 7  ± 0 .  1 7  3 . 0 8  ± 0 . 4 4  0 . 1 1 9  1 9 1 6  — 
7 7 9 . 1 4  ± 0 .  3 1  2 . 9 5  ± 0 . 9 0  0 . 1 1 4  1 1 4 1  — 3 6 2  
7 8 8 . 2 4  ± 0 .  0 4  1 6 . 3 3  ± 0 . 9 6  0 . 6 3 3  2 3 9 2  — 1 6 0 4  
7 9 0 . 2 9  + 0 .  1 3  4 . 2 8  + 0 . 4 9  0 . 1 6 6  
1  M e a s u r e d  r e l a t i v e  t o  t h e  2 3 9 2 .  1 4 - k e V  t r a n s i t i o n .  
z c a l c u l a t e d  f r o m  t h e  d e c a y  s c h e m e  o f  F i g u r e  2 8  a n d  
a s s u m i n g  n o  g r o u n d - s t a t e  b e t a  f e e d i n g .  
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T a b l e  3 .  ( C o n t i n u e d )  
n e r q y  F e l a t i v e  I n t e n s i t y  P l a c e m e n t  
( k e V )  I n t e n s i t y  1  ( p e r  1 0 0  d e c a y s )  2  ( k e V )  
7 9 8 . 5 4  ± 0  4 4  0  . 8 1  ± 0 . 3 6  0 . 0 3 1  1 6 6 1  - 8 6 2  
8 2 1 . 9 5  + 0  1 4  2 . 8 5  + 0 . 4 0  0 . 1 1 0  1 2 1 2  - 3 9 0  
8 3 4 . 8 2  + 0  0 3  3 9 9 . 9 2  ± 2 3 .  1 4  1 5 . 5 0 2  8 6 2  - 2 8  
8 5 0 . 3 1  + 0  0 7  5 . 3 1  ± 0 . 4 2  0 . 2 0 6  1 2 1 2  - 3 6 2  
8 6 2 . 2 8  + 0  0 3  2 1 . 0 0  ± 1 . 1 3  0 . 8 1 4  8 6 2  - 0  
8 7 9 . 5 1  ± 0  3 7  0 . 7 9  t 0 . 2 7  0 . 0 3 1  2 2 3 2  - 1 3 5 2  
8 8 3 . 0 4  ± 0  2 7  1 . 1 4  ± 0 . 2 9  0 . 0 4 4  1 2 4 5  - 3 6 2  
9 4 4 . 9 2  + 0  0 6  9 . 0 3  t  0 . 6 0  0 . 3 5 0  1 1 4 1  - 1 9 6  
9 5 0 . 5 2  + 0  3 4  1 . 1 8  + 0 . 3 7  0 . 0 4 6  
9 5 2 . 4 9  + 0  5 2  2 . 1 6  ± 1 . 0 0  0 . 0 8 4  2 5 5 6  - 1 6 0 4  
9 6 1 . 8 5  ± 0  1 3  2 . 4 3  + 0 . 3 2  0 . 0 9 4  1 3 5  2  - 3 9 0  
9 8 5 . 8 3  + 0  0 4  3 7 . 5 2  ± 2 . 0 6  1 . 4 5 4  1 1 8 2  - 1 9 6  
9 9 0 .  1  1  + 0  1 5  4 . 3 2  ± 0 . 6 4  0 . 1 6 7  1 3 5 2  - 3 6 2  
1 0 1 6 . 1 4  ± 0  2 3  2 . 6 2  + 0 . 4 2  0 . 1 0 2  1 2 1 3  - 1 9 6  
1 0 3 9 . 7 0  ± 0  0 5  1 3 . 6 3  ± 0 . 7 9  0 . 5 2 8  2 3 9 2  - 1 3 5 2  
1 0 4 9 . 5 8  ± 0  1 1  4  . 1 4  ± 0 . 4 2  0 . 1 6 0  2 2 1 2  - 1 1 8 2  
1 0 5 4 . 5 9  ± 0  4 8  0 . 8 3  + 0 . 3 5  0 . 0 3 2  1 9 1 5  - 8 6 2  
1 0 9 0 . 6 2  ± 0  2 7  1  . 7 8  ± 0 . 4 1  0 . 0 6 9  2 2 3 2  - 1 1 4 1  
1 1 4 1 . 4 5  ± 0  0 3  3 7 . 8 2  ± 2 . 0 0  1 . 4 6 6  1 1 4 1  - 0  
1 1 7 9 . 6 1  + 0  0 4  2 7  . 9 8  ± 1 . 6 0  1 . 0 8 5  2 3 9 2  - 1 2 1 2  
1 1 8 4 . 9 8  ± 0  0 5  1 9 . 1 8  ± 1 . 2 2  0 . 7 4 3  1 2 1 3  - 2 8  
1 2 0 9 . 9 6  ± 0  0 7  6 .  ± 1 .  0 . 0  2 4  2 3 9 2  - 1 1 8 2  
1 2 1 2 . 9 4  ± 0  1 7  3 . 7 6  ± 0 . 5 2  0 . 1 4 6  1 2 1 2  - 0  
1 2 4 5 . 2 3  + 0  0 7  1 0 . 4 6  ± 0 . 7 4  0 . 4 0 5  1 2 4 5  - 0  
1 2 5 0 . 6 8  + 0  0 5  3 2 . 5 8  ± 1  . 7 5  1 . 2 6 3  2 3 9 2  - 1  1 4 1  
1 2 9 8 . 8 5  + 0  2 9  2 . 7 3  ± 0 , 6 4  0 . 1 0 6  1 6 6 1  - 3 9 2  
1 3 0 3 . 1 3  ± 0  5 0  1  . 8 8  ± 0 . 6 6  0 . 0 7 3  2 5 4 8  - 1 2 4 5  
1 3 2 4 . 8 4  + 0  0 5  3 .  ± 1  .  0 . 1 6 6  1 3 5 2  - 2 8  
1 3 3 5 . 7 9  ± 0  2 2  1  . 9 3  + 0 . 3 6  0 . 0 7 5  2 5 4 8  - 1 2 1 3  
1 3 5 2 . 3 3  ± 0  1 3  4 . 5 7  ± 0 . 5 4  0 . 1 7 7  1 3 5  2  - 0  
1 3 6 9 . 9 6  + 0  0 3  5 0 .  ± 7 .  1 . 9  3 8  2 2 3 2  - 8 6 2  
1 4 0 6 . 9 2  ± 0  0 9  6 . 2 2  ± 0 . 5 4  0 . 2 4 1  2 5 4 8  - 1 1 4 1  
1 4 1 4 . 3 3  ± 0  4 1  1 . 3 0  ± 0 . 4 9  0 . 0  5 0  2 5 5 5  - 1 1 4 1  
1 4 6 4 . 8 5  ± 0  2 3  2 . 9 7  + 0 . 5 6  0 . 1 1 5  1 6 6 1  - 1 9 6  
1 5 1 8 . 4 5  + 0  0 5  6 0  .  + 4 .  2 . 3 2 6  1 7 1 4  - 1 9 6  
1 5 2 4 . 8 7  + 0  3 2  4 .  + 2 .  0 . 1 5 5  1 9 1 5  - 3 9 0  
1 5 2 9 . 7 9  ± 0  0 3  3 1 4 . 3 9  ± 1 6 . 2 4  1 2 . 1 8 7  2 3 9  2  - 8 6 2  
1 6 0 3 . 7 9  ± 0  0 7  1 2 . 8 4  ± 0 . 9 0  0 . 4 9 8  1 6 0 4  - 0  
1 6 0 8 . 0 4  + 0  3 8  1  . 9  ± 0 . 6  0 . 0 7 4  
1 6 6 1  -1 6 6 1 . 3 6  + 0  3 9  2 . 2 8  + 0 . 6 5  0 . 0 8 8  0  
1 6 8 5 . 3 7  + 0  0 7  2 4 .  • t  2 .  0 . 9  3 0  2 5 4 8  - 8 6 2  
1 7 8 9 .  1 9  + 0  5 0  1 . 3 8  ± 0 . 5 1  0 . 0 5 3  
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Table 3. (Continued) 
Energy Relative Intensity Placement 
(keV) Intensity! (per 100 decays)% (keV) 
1793.35 + 0. 55 1.26 + 0.50 0.049 
1801.42 ± 0. 71 1.14 ± 0.52 0. 044 
1892.81 ± 0. 26 3.36 + 0.66 0.130 
862 1908.67 ± 0. 23 2.67 + 0.46 0.103 2771 — 
2029.95 ± 0. 04 126.46 + 6.54 4.902 2392 — 362 
2035.58 + 0. 04 103. + 5. 3.993 22 32 — 196 
2 186.23 ± 0. 32 11.19 ± 2.42 0.434 2548 — 392 
2195.86 ± 0. 02 375. + 19. 14.536 2392 — 196 
2231.80 ± 0. 03 96.44 ± 5.02 3.738 2232 0 
2259.56 ± 0. 65 0.92 ± 0.40 0.036 
196 2352.11 ± 0. 03 20.82 ± 1.13 0.807 2548 — 
2364.77 ± 0. 58 0.90 ± 0.41 0.035 2392 — 28 
2392.14 ± 0. 03 1000.00 + 53.14 38.764 2392 — 0 
2408.96 + 0. 13 3.37 + 0.42 0.131 2771 — 362 
2521.35 ± 0. 72 2.07 ± 0.93 0.080 2548 — 28 
2535.53 + 0. 23 1.35 ± 0.21 0.052 
2548 2548.44 ± 0. 04 19.22 ± 1.03 0.745 — 0 
2555.18 ± 0. 36 1.01 ± 0.22 0.039 2556 — 0 
2706.46 ± 0. 48 1.05 ± 0.32 0.041 
2708.87 + 0. 66 0.76 ± 0.31 0.029 
2771 2771. 16 + 0. 11 4.22 ± 0.34 0.164 0 
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88 
Kr transitions with I = 98.5 and I = 791-9 respectively. Lycklama 
et al. (l6) have reported a possible weak gamma ray at 168 keV. Evi­
dence of this transition was found at I68.I8 keV and the intensity was 
measured I = 0.31 - 0.10 which should be considered an upper limit at 
best due to the poor statistics using the low efficiency (1 percent) 
LEPS detector. 
Two transitions were observed in coincidence which were not seen 
in the singles spectra. Due to the poor integral nonlinearity of the 
coincidence ADC's, the energy assignments of these transitions were made 
88 
on the basis of the indicated placement in the Rb level scheme. The 
71.92-keV transition was seen in coincidence with the 122- and 196-keV 
coincidence gates. The energy indicated for this peak position in the 
coincidence profile was ~ 79 keV, but this discrepancy should not be 
considered totally unreasonable in this poorly-calibrated portion of 
the coincidence profile. The intensity value, I < 0.50, for this tran­
sition was determined by comparing the areas under the 72- and l66-keV 
peaks in the 196-keV coincidence-gate-minus-background spectrum (here­
after referred to as the coincidence gate spectrum). The transition 
at 210.8] keV was observed in coincidence with the 1040-keV coincidence 
gate spectrum. The relative intensity of this transition was measured 
by comparing the areas under the 210- and 1352-keV transitions in the 
1040-keV coincidence gate spectrum. 
Several escape peaks designated as single escape [SE(photopeak 
energy)] or double escape [DE(photopeak energy)] peaks were found to 
94 
have intensities greater than that calculated on the basis of the Se-
or DE-to-photopeak ratios discussed in Chapter IV. Also, e few in­
tense photopeaks were located within the energy resolution limits of 
expected escape peaks. Table 4 contains a summary of the escape-peak 
intensity corrections. 
oo 
D. The Rb Level Scheme 
Of the 103 gamma rays of Table 3, 8l (or 78.4 percent) have been 
placed into 22 levels. This construction represents placement of 99.2 
88 
percent of the gamma-ray intensity into the Rb level scheme of 
Figure 28 (neglecting internal conversion considerations). 
3 3 
The 60-cm Ge(Li) by 60-cm Ge(Li) coincidence data for this ex­
periment is shown in Table 5» This data strongly confirms the 268-, 
1213-, 1245-, 1352-, 2548-, and 2771-keV levels previously reported by 
Lycklama and Kennett (26) with the addition of coincidence verified 
levels (CVL) at 1603-72 and 1714.76 keV. Another four levels were 
added on the basis of energy sums at 1661.23, 1915-53, 1953.38 and 
2555.96 keV. 
The level at 2555-96 keV was dotted for two reasons- First, the 
2555.18-keV gamma ray appears only in the equilibrium spectrum with an 
energy that locates it between the ^ ^Kr doublet at 2554.5 - 0.3 keV and 
2557-7 i 0.3 keV, a known contaminant. Second, a photopeak correspond­
ing to the 602.79-keV transition appears in both the equilibrium and 
enhanced data but barely within the experimental uncertainties. This 
transition also depopulates to a non-CVL-
95 
Table 4. Escape Peak Contributions to Photopeaks in ®8Rb 
Energy Relative Calculated Identification 
(keV) Intensity Escape Peak 
Intensity 
1209.96 + 0. 10 10.2 + 0.7 6.2 DE (2232) 
1369.96 ± 0. 10 133.9 ± 7.0 84. DE(2392) 
1518.45 + 0. 10 63.3 ± 3.7 3.8 SE (2030) 
1524.87 ± 0.30 7.2 ± 3. 1 3. SE(2036) 
1608.04 ± 0. 40 2.0 ± 0.6 0.2 SE (2118) 
1685.37 + 0. 10 41 . ± 3 17, 3 SE(2196) 
2035.58 ± 0. 10 104,9 ± 5.5 1.8 SE (2 548) 
2195.86 ± 0. 10 377.6 ± 19. 3 3. DE(3218) 
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Figure 28. 88 The Rb level scheme 
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The coincidence information of Table 5 indicates that two complete 
sets of coincidence information exist for the 390-keV gating transi­
tion. The intensity of this previously unreported "doublet" was 
apportioned through consistent coincidence arguments. The coincidence 
intensities of the 390- and 1179-keV transitions in the ll85-keV coin­
cidence gate were in the ratio of 1 : 8. The following intensities and 
placements of the 390-keV transitions were assigned on the basis of 
this ratio: I = 4.35 ± 1.0 for a l603 "* 1212 placement, and 
I 3 18.33 i 1.0 for a 390 -* 0 placement. 
One puzzling feature of the coincidence data is the presence of 
the 196-keV transition in the 788-keV coincidence gate. One explana­
tion of the appearance is to place a level at 985 keV based upon the 
196-, 788-keV coincidence and appropriately split the gamma-ray inten­
sity of the 788-keV transition. This suggests the possibility of 
placing the 985.83-keV transition, or a portion of it, as a ground-
state transition. However, in comparing the 2196-, 166-, and 986-keV 
transition intensities in the 196-keV coincidence gate, the indicated 
total intensity placement of the 986-keV transition was definitely 
supported. Another possible combination is the 788-, "skip", 196-keV 
88 
cascade where an energy of 1407.44 keV is found in the Kr decay list­
ing corresponding to the "skip" transition. The absence of the 
l407.44-keV transition in either the 788- or 196-keV coincidence gates 
plus the correct 1250- and l407-keV intensity balance in the ll4l-keV 
coincidence gate precludes the gamma, "skip", gamma possibility. 
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T a b l e  5 .  C o i n c i d e n c e  i n f o r m a t i o n  f o r  t h e  d e c a y  o f  * B K r  
G a t e  E n e r g y  O b s e r v e d  C o i n c i d e n c e s ^  
( k e V )  ( k e V )  
1 2 2  ( 7 2 ) ,  2 4 0 . 6 7 ,  4 1 1 . 7 6 ,  1 5 2 9 . 7 9  
1 6 6  1 9 6 .  3 4 ,  7 7 9 . 1 4 ,  8 5 0 . 1 1 ,  B 8 . 1 . 0 4 ,  
2 0 2 9 . 9 5 ,  2 1 9 5 . 8 6 ,  2 3 5 2 . 1 1  
1 9 6  ( 7 2 ) ,  1 6 5 . 9 9 ,  9 4 4 . 9 2 ,  9 8 5 . 8 3 ,  1 5 1 8 . 4 5 ,  
2 0 3 5 . 5 8 ,  2 1 9 5 . 8 6 ,  2 3 5 2 . 1 1  
2 4 1  1 2 2 . 1 5  
3 5 2  ( 4 9 9 .  9 2 ) ,  ( 7 7 9 . 1 4 ) ,  8 5 0 . 3 1  ,  9 9 0 . 1  1 ,  
2 0 2 9 . 9 5 ,  2 1 8 6 . 2 3 ,  2 4 0 8 . Q 6  
3 9 0  4 7 1 . 7 6 ,  8 2 1 . 9 5 ,  1 5 2 4 . 8 7 ,  1 5 2 9 . 7 9  
1 9 1  7 8 8 . 2 4 ,  8 2 1 . 9 5 ,  1 0 1 6 , 1 4 ,  1 1 8 4 . 9 8 ,  1 2 1 2 . 9 4  
7 8 8  1 9 6 . 3 4  ( ? )  ,  1 6 0 3 . 7 9  
8 3 5  1 3 6 9 . 9 6 ,  1 5 2 9 . 7 9 ,  1 6 3 5 . 3 7 ,  1 9 0 8 . 6 7  
9 8 6  1  9 6 . 3 4 ,  ( 1 0 3 9 . 7 0 )  ,  1  0 4 9 . 5 8  
1 0 4 0  2 1 0 . 8 1  ,  9 6 1 .  3 5 ,  9 9 0 .  1 1 ,  1 3 2 4 .  8 4 ,  
1  3 5 2 .  3  3  
1 1 4 1  5 7 3 . 9 5 ,  1 2 5 0 . 6 8 ,  1 4 0 6 . 9 2  
l l f t O  8  2 1  . 9 5 ,  8 5 0 - 3 1 ,  1  1 8 4 . 9 8 ,  1 2 1 2 . 9 4  
1  1 8 5  1  1 7 9 .  6 1  ,  1 3 3 5 . 7 9  
1 2 ^ 1  7 - 7 9  . 1 4 ,  9 4 4 . 9 2 ,  1 1 4 1  . 4 5  
1 3 2 5  ( 1 0 3 9 . 7 0 )  
1 3 7 0  4 7 1 . 7 6 ,  8 3 4 . 6 2  
1 5 1 8  1 9 6 . 3 4 ,  6 7 7 . 3 5  
1 5 3 0  4 7 1 . 1 6 ,  6 6 5 . 9 0 ,  8 3 4 . 8 2 ,  8 6 2 . 2 0  
1 6 0 4  7 8 8 . 2 4 ,  ( 9 4 4 . 9 2 )  
1 6 8 5  1 9 6 . 3 4 ,  8 3 4 . 8 2  
2 0 3 0  1 6 5 . 9 9 ,  3 3 4 . 6 9 ,  3 6 2 . 2 0  
2 0 3 6  1 9 6 . 3 4  
2 1 8 6  1 9 6 . 3 4 ,  3 6 2 . 2 0  
2 1 9 6  1 9 6 . 3 4  
2 3 5 2  1 9 6 . 3 4  
I  E n e r g i e s  e n c l o s e d  i n  p a r e n t h e s e s  i n d i c a t e  p r o b a b l e  
c o i n c i d e n c e s .  
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The new levels at I603.72, 1661.23,- 1915.53 and 1953-36 keV of 
Figure 28 are in good agreement with the I6IO-,  I66O-,  1915- and 1951-
87 88 keV levels obtained in a Rb(d,p) Rb reaction reported by Torti and 
Graetzer (34). 
The presence of the 390-, llSS-keV coincidence lends strength to 
the assignment of the l604-, 788-keV cascade through the ]6o4-keV 
level instead of the previously reported 788-keV level of Lycklama and 
Kennett (26). The present work also places the 15l8-keV transition 
through the coincidence with the 196-keV gate to establish the level 
at 1715 keV. This work also disagrees significantly with the assigned 
relative intensities of Lycklama and Kennett below 390 keV. The notable 
differences are the assignment by Lycklama and Kennett of 1000 
and = I8O; which significantly increases the beta feeding per­
centages to the 196- and 362-keV levels. The relative intensity as­
signments of this work (see Table 3) and recent internal conversion 
coefficients measured by J. K. Hal big (63) are used to give a more 
complete picture of beta feeding to these levels. 
88 
E. Internal Conversion and the Low-Lying States of Rb 
1. The 27.53-keV level 
The total gamma-ray intensity populating the 27.53-keV level, in 
relative units, is 437 while the measured depopulating intensity is 56. 
This suggests an internal conversion coefficient, Qf, of value 0;= 7.8 
would be required to have minimum, or zero beta feeding of this level. 
While the value of a has not been measured directly for this transition, 
100 
a value of 8.2 for + CKj^) was measured by Thulin (24) in 1955. 
This ratio, when compared to the results by Hager and Seltzer (64) of 
a^(Ml)/(aL(Ml) +a^(Ml)) = 9.3 and q;^(E2)/(q:l(E2) +q:^(E2)) = 1.3, indi­
cates a Ml character for the transition. From Hager and Seltzer, the 
value a = 5.87 for a pure Ml is below the required minimum value of 
a = 7.8 in this work (assuming zero beta feeding). This discrepancy has 
many possible origins. First, the theoretical internal conversion coeffi­
cients in this energy region for Z = 37 are extremely energy sensitive. 
Second, the transition may be a mixture of Ml + E2, the implications 
of which will be discussed later. Finally the determination of the 
intensity for the 27.53-keV transition is incorrect (I = 74 would be 
consistent for pure Ml transition). 
If mixing is assumed, the gamma-ray intensity must be split into 
two components of El and M2 with amplitudes a and b, respectively: 
I(total 27.53 keV) = ^ ['(M?)] + b[l(E2)] 
a + b 
where the Internal conversion coefficient (ICC), a, can be written 
8^c«(HI) *  a ( E 2 )  
with 6 = a/b-
Using this form for and the total K-, L- and M- shell inter­
nal conversion coefficients, the experimental value of a can be written 
2 in terms of 5 and tabulated ICC's. Solving the resulting expression 
for 6^ using the previously determined experimental value of 8.2 for 
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2 
the + c^) ratio, the mixing ratio 6 was found to be 484. This 
indicated that less than a one percent mixture of E2 would reduce 
qc^/(q?L + Q^) from 9-3 to 8.2. The value of a which corresponded to 
this & was 6.1. The Ml + E2 mixing approach and the assumption of a 
pure Ml transition both indicate that the measured relative intensity 
for the 27.53-keV transition was too low. A value of I = 71 is more 
acceptable and allows the acceptance of the pure Ml nature of the 
transition provided the tables of Hager and Seltzer are correct in this 
energy region. To illustrate the energy sensitivity of the ICC tables 
in this region, lowering the transition energy to 25.5 keV increases a 
to 7-7 which is sufficient for the minimum condition of zero beta feed­
ing. The accepted beta feeding to the 27-53-keV level was zero. 
2. The 196.34-keV level 
The 196-keV level depopulates by two gamma rays, the 196.34-keV 
and ]68.l8-keV transitions, with relative intensities of 792 and 0.45, 
respectively. Any moderate internal conversion of the lôS-keV transi­
tion can be neglected due to its extremely low intensity. The experi­
mental ratio was recently measured by J. K. Halbig (63) in 
the 2 beta spectrometer on-line to the TRISTAN facility, who reports 
a value for of 8.25 ± 0.57, indicating that the 196.34-keV 
transition is Ml in character when compared to the value of 7-8l4 from 
Hager and Seltzer (64). The corresponding Qr(Ml) of 0.024 from Hager 
and Seltzer was included in the relative intensity balance for the 
calculation of the percent beta branching. 
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3. The 362.21-keV level 
In recent experimental work J. K. Halbjg (63) measured a = 0.0312 ± 
0.0026 for the 165.99-keV transition on the assumption that the 196.34-keV 
transition is pure Ml. This result is in good agreement with a,.(Ml) = 
0.0327 from Hager and Seltzer, and the l65.99-keV transition appears to 
be Ml in character. The value of a used to calculate the beta branch 
to the 362-21-keV level was a = 0.037 from Hager and Seltzer. 
After making the indicated internal conversion corrections, the 
percent beta feedings were calculated for each level assuming no ground-
state beta feeding. The log^g ft was calculated for each beta branch 
using a = 2.92 ± 0.03 MeV which was recently measured by Clifford 
(65) using beta-gamma coincidence techniques. The results of these 
calculations are summarized in Table 6. 
88 
F. Isobaric Assignments from Rb Chemical Separation Spectrum 
88 
The assignment of transitions to the decay of Rb were made solely 
88 
on the basis of the information contained in the Rb chemical separa­
tion spectrum and associated coincidence information. The chemical 
88 
separation was quite effective in removing the Kr contribution and no 
other contaminants were observed. The l65.99~keV transition was the 
88 
lowest intensity peak from the Kr spectrum seen in these data. This 
contaminant peak appeared with an intensity of I = 1.5 relative to the 
00 
1836-keV Rb transition, taken as 1000. The spectra for these data are 
shown in Figure 29. 
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T a b l e  6 .  L o g  f t  v a l u e s  f o r  b e t a  d e c a y  o f  a ^ K r .  
e s R b  L e v e l s  B e t a  G r o u p  P e r c e n t  B e t a  L o g  f t  
( k e V )  E n e r g y  B r a n c h i n g  
(MeV) 
0.0 2. 92 5. 2 8. 4 
27.53 2. 89 0. 
8. 4 196.3a 2. 72 3. 8 
268.20 2. 65 0. 
362.27 2. 56 0- 4 9. 2 
390.48 2. 53 0. 
8.0 862.34 2.06 2. 7 
1141.41 1.78 0. 
1 182.17 1.74 1. 5 7. 9 
1212.54 1.71 0. 
8.7 1245.26 1. 68 0. 2 
1352.35 1. 57 0. 1 8.9 
1603.72 1. 32 0. 
8.1 1661.26 1. 26 0. 3 
1714.81 1. 20 2. 1 7. 2 
1915.53 1. 00 0. 3 7.7 
1953.36 0.97 0. 2 7.8 
2231.93 0. 69 9. 9 5. 6 
2392. 15 0.53 74. 5 4. 4 
2548.32 0. 37 3. 4 5. 2 
2555.96 0. 36 0. 2 6. 3 
2771. 14 0. 15 0. 4 4. 8 
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Figure 29. Spectrum for Rb chemical separation 
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Table 7. Gamma-ray transitions observed in the decay of ®8Rb 
Eneray Relative Intensity Placement 
(keV) Intensity! (per 100 decays) ^ (keV) 
338.88 + 0. 11 3.12 ± 0.42 0.075 4853 4514 
U16.30 ± 0. 49 0.79 ± 0.38 0.019 3635 - 3218 
U39.28 ± 0. 51 1 .00 ± 0.40 0.024 4853 — 4413 
U8U.U8 ± 0. 30 1.72 ± 0.56 0.041 3218 - 2734 
558.U6 ± 0. 37 2.16 ± 0.76 0.052 
1836 898.03 + 0. 03 686 .00 ± 41.32 16.396 2734 -
1027. £i5 ± n. 70 <1. <0.024 4514 - 3486 
1217.95 ± 0. 31 2.45 ± 0.78 0.059 4853 - 36 35 
1366.58 ± 0. 17 4.76 t  0.60 0. 114 485 3 — 3486 
1382.U3 ± 0. 04 35.39 ± 1 .96 0.846 3218 - 1836 
1599.U8 ± 0. 66 1.91 ± 0.95 0.0 46 
2734 16R0.07 ± 0. 57 2.28 ± 0.89 0.054 4413 — 
1779.88 + 0. 11 lO.StJ ± 0.97 0. 259 4514 - 27 34 
1799. 13 + 0. 72 3.38 ± 0.82 0.081 3635 - 1836 
1836.07 0. Oil 1 000=00 ± 53.25 23.901 1836 - 0 
2111.39 ± 0. 15 5.44 ± 0.76 0.130 4845 - 2734 
2118.95 ± 0. 07 19.34 ± 1.24 0.462 4853 - 2734 
2388. ± 1. <1.5 <0.036 4224 — 1836 
2577.77 ± 0. 08 8.56 ± 0.5 8 0.205 4413 - 18 36 
2670.34 ± 0. 76 1.30 ± 0.62 0.031 
1836 2677.91 1 0. 04 92.40 ± 4.86 2.208 4514 — 
2734.08 + 0. 11 5.02 ± 0.41 0.120 2734 — 0 
3009.50 ± 0. 07 11.89 ± 0.76 0.284 4845 — 1836 
3017. + 1. <1. <0.024 4853 — 1836 
3218.58 ± 0. 07 11.35 ± 0.73 0.271 3218 — 0 
3486.56 ± 0. 11 6.27 ± 0.47 O.T^O 3486 — 0 
3523.ns ± 0. 99 0.39 ± 0.19 0.009 3524 — 0 
4035.^8 + 0. 83 0.53 ± 0.21 0.013 4035 — 0 
4742.78 + 0. 13 6.9 1 + 0.48 0.165 4742 — 0 
4853.27 + 0. 51 0.46 + 0.10 0.011 4853 0 
1 Measured relative to the 1836. 07-keV transition. 
^Calculated from the decay scheme of Figure 30 and 
assuming the 75.36 percent qround-state beta branch 
of VTohn (67) . 
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From these data, 30 transitions were assigned to the decay of Rb 
88 
and 27, or 99.6 percent of the intensity, were placed into the Sr 
level scheme of Figure 30. The energies and intensities of the transi-
88 
tions assigned to the decay of Rb are shown in Table 7, and were taken 
from the analysis of the equilibrium spectrum. 
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G. The Sr Level Scheme 
The level scheme of Figure 30 is in good agreement with the recent 
beta decay studies of Ragaini and Knight (29), Kawase (31), Pratt (32), 
and Ragaini and Meyer (33)> all of which used Ge(Li) detection systems. 
The sources used in the above studies were obtained from neutron irridia-
88 
tion of various natural Rb or Rb enriched samples. 
88 
The most recent study of the decay of Rb, that of Ragaini and 
Meyer (33), made use of a compton suppression spectrometer In an attempt 
to resolve the ambiguities in the previous works. The results of that 
study are presented, however, without the aid of gamma-gamma coincidence 
information. The following observations are presented as an "added-ln-
proof" discussion of the level scheme presented by Ragaini and Meyer. 
Of the 24 previously unobserved gamma rays reported by Ragaini and 
Meyer, the 416.30-, 439-28-, 1680.07-, (2388-), 3523.95-, and 4035.58-keV 
transitions were observed in this work. The transition at 2388 keV was 
88 
seen as a shoulder on the 2392-keV Kr accidental coincidence peak in 
the 1836-keV coincidence gate spectrum. This coincidence establishes a 
level at 4224 keV that was previously reported by Aras et al. (66). The 
presence of the 2388 keV transition in the chemical separation spectra 
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was masked by the 2392-keV Kr peak and no accurate measure of the 
transition energy or intensity could be established. Three other 
transitions were masked in the spectrum, two at 2195.6 keV and 2199 keV 
t 
88 
by the Kr peak at 2196 keV, and a transition at 390.68 was buried in 
88 
the tailing of the 898-keV Rb peak and could not be fit accurately by 
the program SKEWGAUS. A specific search of the equilibrium and chemical 
separation spectra for eleven of the remaining peaks reported by Ragaini 
and Meyer was carried out with no indications of even background 
fluctuations at the positions of the reported transitions. Some evidences 
of peaks were present in the "background" at 916.9, 1257-2, 1297.0, and 
1555.7 keV but again the computer fits for these possible peaks were not 
acceptable. A weak transition at 1027.45 keV was observed in the 3487-
keV coincidence gate spectrum, and another at 3016.93 keV was present in 
the 1836-keV coincidence gate spectrum. The energies of these weak 
transitions were determined on the basis of their placement in the 
established level scheme. The corresponding computer fits to these peaks 
in the chemical separation spectrum were not acceptable. 
The placements of only three transitions in the level scheme of 
Figure 30 are not supported by the 60-cm Ge(Li) by 60-cm Ge(Li) coinci­
dences reported in Table 8. All transitions feeding the 1836-keV and 
2734-keV levels are seen in the 1836-keV and 898-keV coincidence gate 
spectra, respectively. Ragaini and Meyer use the energy sum of 2734 keV 
and 1218 keV along with reaction data to posGAlate a level at 3952 keV. 
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T a b l e  8 .  C o i n c i d e n c e  i n f o r m a t i o n  f o r  t h e  d e c a y  o f  a s R b  
Gat e Znetqy Observed Coincidences^ 
(keV) (keV) 
898 1836.07, 1680.07, 1779.88, 2111.39, 
2118.89 
1780 898.03, 1836.07 
1836 (48U.43), 898. 03, 1332.43, 1799. 13, (2388.), 
2577. 77, 2677. 91, 3009.50, (3016.93) 
2111 898.03, 1836.07 
21 19 898.03, 1836. 07 
2678 338.88, 1836.07 
3010 1836. 07 
3487 (10 27.4 5) , 1366.50 
1 Energies enclosed in parentheses indicare probable 
coincidences. 
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There is no evidence in the 898-keV coincidence gate spectrum of a 1218-
IteV transition, if the 1218-keV transition were to populate the 2734-
keV level, its presence should be detected in the coincidence spectrum, 
as evidenced by the presence of the lower intensity 1799-keV transition. 
In the present study, the 1218-keV transition is placed depopulating the 
4853-keV level on the basis of energy sums. 
Kawase (31) reported that a peak at 1366-keV may be a composite of 
^^Na and ^^Rb. The 1366-keV peak was followed in the coincidence spectra 
88 
and found to have the Rb half life. Ragaini and Meyer (33) discount 
the existence of the 1366-keV transition on the basis of observing less 
intense gamma rays in the same energy region and suggest that the 1366-
keV transition is a contaminant or double-escape peak of the 2388-keV 
24 
transition. The chemical separation spectrum is free of Na or other 
kn»3wn contaminants having transitions of this energy, but a peak at 1366-
keV was definitely observed, if this 1366-keV peak was the double-
escape peak of the 2388-keV transition, a predicted intensity of the 
photopeak by the experimental double-escape to photopeak ratio of Chapter 
II would be I = 56, which Is greater than the I = 17. 2392-keV photopeak 
DO 
from Kr which masks the lower intensity 2388-keV transition. 
Hence, the present work establishes the existence of the 1366-keV 
transition in both singles and coincidence spectra and places the transi­
tion depopulating the 4853-keV level from the coincidence with the 3487-
keV transition. 
To summarize the level scheme of Figure 30, the first three excited 
states at I836, 2734, and 3218 keV are firmly established in previous 
120 
works and are supported by an abundance of coincidence data. The 3486.53", 
3523.95", 4035.58-, 4742.78-, and 4853.00-keV levels are presented because 
observed transitions are too energetic to be other than ground-state 
88 
transitions. (Q. for the decay of Rb was recently measured using gamma 
P 
coincidence techniques to be 5.30 ^  O.O6 MeV by Clifford (65).) The 
levels at 3635.07, 4413.89, 4513-98, and 4845.54 keV are supported by 
coincidence data, however, no corresponding ground-state transitions have 
been observed. 
In recent measurements on the 3!\^2 beta-ray spectrometer on-line to 
TRISTAN, Wohn (67) reports a = 5-34 MeV for a measured 75.4 ± 2.5 
88 
percent beta branch to the Sr ground state. Other measured beta 
branches are to the I836-, 2734-, 3218-, and 45l4-keV levels with in­
dicated branching percentages of 3 87, 15.89, 1.10, and 2,45 respective­
ly. The excellent agreement of these values with those reported in 
Table 9 is noted here. 
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Table 9. Log ft values for beta decay of sBRb. 
®®Sr Levels Beta Group Percent Beta Log ft 
(keV) Energy Branching 
(MeV) 
0.0 5.33 75.4 9.2 
1836.07 3.49 3. 7 7.9 
2734.09 2.59 15. 7 6.7 
3218.52 2. 11 1. 1 7.5 
3486.53 1. 84 0.01 9.2 
3523.95 1.81 0. 01 9.3 
3635.07 1.69 0.04 8.5 
4035.58 1.29 0.01 8.6 
4224. 1.11 0.02 8.1 
4413.89 0.91 0. 2 6.8 
4513.98 0. 81 2. 4 5.6 
4742.78 0.59 0.21 6.2 
4845.54 0.48 0. 4 5.5 
4853.00 0. 48 0. 8 5.2 
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VI. DISCUSSION 
The results quoted in the previous chapter are used here as a basis 
88 88 
for interpreting the nature of the and ^gSr^^ level schemes. Even 
though direct measurements of nuclear properties are not usually made. It 
is possible to deduce a range of spin assignments and/or a definite parity 
for a particular energy level on the basis of the partial half-lives for 
beta decay and the relative intensity of the gamma-ray depopulation for 
selected levels. Most of the spin assignments are therefore based on 
conjecture and should not be considered as a statement of fact. In a few 
instances all of the experimental evidence, such as reaction data, in­
ternal conversion measurements, and log ft calculations are found to 
support the designated assignments. For these cases the spin and parity 
statements should be considered as firm, and the most probable particle 
configurations will be indicated which indicate the origin of the spin-
parity assignments. 
QQ QQ 
Both the Rb and Sr level schemes are to be interpreted In the 
light of the independent particle shell model with j-j spin coupling. 
While this model has proven successful in discussing the odd-A and even-
even nuclei near the region of closed shells, considerable difficulty has 
been encountered in applying it to the Interpretation of odd-odd nuclear 
88 
systems such as ^^Rb^^. The difficulty in interpreting the odd-odd nuclei 
arises from the ability of the odd proton and neutron particles (or holes) 
to maintain their independent particle nature, as well as to Interact 
strongly by coupling through the short range nuclear forces. The short 
range attractive force which Is known to couple the odd-odd proton-neutron 
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system is also responsible for the pairing of even numbers of protons or 
neutrons to zero angular momentum within the nuclear core. 
Frequently the strongly coupled odd neutron-odd proton are referred 
to as a class of excitations known as quasiparticles. If enough energy 
exists within the system to break a strong pairing bond and promote one 
of the unpaired particles into another subshell, the recoupled pair is 
also classed as a quasiparticle. In addition to the short range forces 
involved, long range vibrational modes can be introduced into the nuclear 
system by coherent adiabatic vibrations of the last paired particles in 
the quasiparticle subshell. These higher multipole vibrations or pho-
nons, which result from a field producing interaction, can further couple 
to the individual low-lying quasiparticle excitations producing a multi­
tude of spin couplings. 
On the basis of single particle j-j coupling and the possible lowest 
88 
shell model configurations, some possible J values for Rb are discussed 
below. 
2Pl/2 
2P3/2 
28 protons 50 neutrons 
The possible low-lying neutron states are Zd^yg; ^^3/2' 
Because of pairing energy considerations, the location of the Ig^yg not 
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easily detectable. Some possible low-lying proton states are the 
{2py^)'\ (1^5/2) (^^3/2)"^ Zpjyg; l9g/2' where a hole in the 
designated subshel1 is denoted by a negative superscript. The number 
of combinations for the above-mentioned single particle neutron and pro­
ton states that couple to J=0 ^ 1^2,3,4,5^ and 6 are 5, 14, 
185 16, 11, 6 and 2 but only a few of these survive the restrictions 
imposed by the single particle nature of the beta decay operation. 
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The ground-state of the parent is most likely composed of a 
[n(lfgy2)^(2p2/2) [vfZdgyg)^] configuration coupled to = 0^. From 
the single particle nature of beta decay, a neutron changes to a 
(2P3/2) proton with the emission of a p particle and antineutrino in 
88 
populating the ground states of Rb. 
Some of the spin couplings which satisfy the beta decay rules for a 
f t  —P 9 00 
[n(lfg/2) (2P3/2)" 1 [vfZdgyg) ] Kr ground-state configuration are 
I t  " J = 0 : none 
J = 1 : [*(1^5/2) (2^3/2) ] [^(^'^5/2^1 
[,(,f5/2)6|(2p,/2)-Z^ (Zp,/,) g/;] [v(2%/2)] 
j" = 2": [n(lfj^2)^(2py2)"'] [vfZdgyg)] 
[ " { ' V 2 ) ^ i < " ' 3 / 2 ) U i / 2 , 3 / 2 , 5 / 2 ^  
= 3" 
= 5' 
= 6" 
3 possibi1 ities 
4 possibi1 ities 
1 possibility 
none. 
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This is not to say that the Kr ground state does not contain certain 
admixtures from which beta decay would find other configurations more 
favorable, or that other more complex couplings such as those presented 
for the last two states in = 1 , 2 do not exist. As is pointed out 
88 in the summary of the Rb level scheme, more complex "quasiparticle" 
coupling schemes can be formulated. 
88 
A. The Level Structure of Rb 
88 - 88 
Rb Ground-state (2 ): The ground state spin of Rb has been 
measured as J = 2 by Vanden Bout ^  (68) using atomic-beam magnetic 
resonance techniques. The ^^Rb^g ground-state of = 3/2 can be 
attributed to a proton-hole in the (2pgy2) subshell, ^ with 
a closed core neutron configuration. In terms of the shell model order­
ing of Chapter I, the ground-state configuration is explained as the 
J = 2 coupling of the (2d^y2) 51st neutron, [v(2dgy2)]; and the 
[n(2p^^^) ^]. The parity of the ground-state is determined by the odd 
Pgyg " dgyg parity. The coupling of this odd-odd ^ ][ 
proton-hole, neutron-particle configuration also produces a four member 
1,2,3,4 spin multiplet. 
88 88 
The beta decay from the even-even Kr parent to the Rb ground-
88 88 
state was calculated as 5.2 ± 5 percent from the equilibrium Kr Rb 
decay chain. A ground-state beta branch of 75.36 ± 2.47 percent for 
88 the Rb beta decay as measured by Wohn (67) was assumed in this calcula­
tion. The log ft for the 5.2 percent beta branch was 8.4 which is low. 
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but possible for a first-forbidden unique (aJ = ± 2, yes) assignment 
dictated fay the measured ground-state J* = 2 . 
Although the 2 coupling of the '] pair lies 
lowest, the other three members (1 , 3 , 4 ) of the spin multiplet are 
seen in reaction work (34) as well as the beta decay studies presented 
here. 
27.53-keV level (3 ): No beta decay was observed to the 28-keV 
level. On the basis of the measured ( l^ internal conversion 
coefficient ratio (23), the 28-keV transition to the 2 ground-state 
was found to be Ml in character. This predicts a J* of 1 , 2 or 3 
for the 28-keV level, where the J* = 3 assignment Is accepted here 
since no beta branch was found. This state is considered to be the 3 
member of the [v(2d^^2)] multiplet. The ^ ^Rb(d,p) ^ ^Rb re­
action work (34) finds an 1^ = 2 transfer for the 28-keV level, which 
87 
supports the (^d^yg) neutron coupling to the Rb ground-state. 
196.34-keV level (1 ); The log ft value associated with the beta 
decay to the 196-keV level is 8.4. This suggests a first forbidden 
beta decay resulting in j" of 1 or 2 . The Ml character of the 196-keV 
transition as determined by Hal big (63) indicates a possible J* of 1 , 
2~, or 3" assignment with J* = (1, 2) preferred from the beta decay 
87 
branching. An 1^ = 2 distribution was measured in the Rb neutron 
stripping reaction for this level and the reaction strength was indi­
cation of the 1~ member of the '] [v(2d^y2)] coupling. There­
fore, a J* = 1 assignment is made. 
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It should be noted here that one stripping reaction (35) In partic­
ular reports two 1^ = 0 contributions below 300 keV. This requires the 
participation of a single Ss^yg neutron coupled to the lowest odd proton 
configuration. This new coupling indicates that the 1 and 2 states 
below 300 keV are probably admixtures of the '] [vfZd^yg)] 
and [n{2p^^2^ ^] [v(3Sjy2)] configurations. The observed spectroscopic 
strengths were too weak for a quantitative measurement on the 196-keV 
level but the 3s^^2 neutron admixture in the ground state was found to 
be 17 per cent. 
268.20-keV level (4 ); The fact that no beta branch was observed 
populating the 268-keV level and that a large fraction of the de-excita-
tion intensity from this level is to the 28-keV 3 level supports the 
contention that this is the = 4 member of the 2 , 1,3,4 spin 
multiplet discussed above. A level at 272-keV is seen with 1^ = 2 in 
the stripping reactions which is seen as confirmation of the 2d^y2 
component to the 268-keV wave function. 
The 71-keV transition depopulating this level was seen only in 
coincidence and the relative intensity was assigned as a probable upper 
limit. The accepted level assignments require this transition to be 
at least of M3 character. The extreme enhancement of the 71-keV transi­
tion over the single-particle estimates remains unexplained. 
362.27-keV level (1 ,2"): The high log ft value of 9.2 for the 
beta branch to the 362-keV level indicates a first forbidden transition 
(A = 0  ^ ± 1 , ±2, yes). The gamma transitions from this level populate 
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all but the 4 members of the ground-state spin multiplet. Based on the 
population of the 3 level, the = 0 possibility can be eliminated. 
The ^ ^Sr (d,He^) ^ ^Rb reaction reported by Kavaloski et (37) finds 
fiy 
that the 403-keV state in Rb has an 1^ = 3 transfer indicating that 
it is energetically possible to produce a [#(^5/2) ^] proton hole con­
figuration in this energy region. Another possible configuration which 
could compete for this excitation strength is the 
[ n ( I f g / ; ) G ( 2 p ; / 2 ) ( 2 P | ' ]  [ v ( Z d g / g ) ]  
coupling, where the i^P^/2^ ^ can couple to 0^ or 2^. There is no 
basis for singling out a unique value with this information. The 
= (1 , 2 ) assignment is made and the configuration of the 362-keV 
level is assumed to be either the 1 or 2 coupling of the 0 -^5 
spin sextuplet produced in the [^(If^yg) ^] [v(2d^y2)] configuration 
with a possible ^XZp^yg)] ['^(^'^5/2^] admixture. 
o7 00 
The Rb(d,p) Rb reaction data of Morton and Darcey (28) assign 
an 1 = 2 or 1 =0 transfer to a level at 361 keV. The 1 = 2 assign-
n n n 
ment is compatible with both of the above configurations. if the 1^ = 0 
transfer is present, the Ss^yg neutron component must also be included 
in the wave function. 
390.48-keV level (3 ): No beta branch was observed to the 390-keV 
+ — -
level indicating a high spin assignment, possibly 2 or 3 . The J = 3 
assignment is preferred here in the light of the gamma-ray depopulation 
to both the 2 ground-state and the 4 level at 268 keV. This state is 
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probably the 3" member of the [«(If^^g) '] multiplet observed 
87 88 by Morton and Darcey in the previously cited Rb(d,p) Rb neutron pick­
up reaction with a 1 = 2 transfer. 
n 
862.34-keV level (1 » 2) : The gap between the 862-keV and 390-keV 
levels contains a reaction level at 413 keV with an 1 =2. No evidence 
n 
of this level is seen in the beta decay studies. The 2.7-percent beta 
branch to the 862.34-keV level has a log ft value of 8.0. This value 
of log ft is on the borderline for a first forbidden (AJ^=0, ±1, ±2, yes) 
or a first forbidden unique beta feeding (AJ^ = ±2, yes). 
The strong gamma-ray depopulation to the 3 , 28-keV level indicates 
that the higher spin value is preferred. A of 2 might indicate this 
state to be the 2 member of the [^(If^yg) [v(2dgy2)] spin sextuplet. 
However, recent stripping reactions (35) indicate strong 1^ = 0 trans­
fers in this energy region resulting from the participation of a 
" 1 87 
[v(3s^y2)] neutron with a ] proton-hole in the Rb ground-
state. This reaction work assigns the possible = 1 and 2 to the 
862-keV and ll40-keV levels on the basis of the observed reaction 
strengths. 
The [%(2p2y2) [v(3Sjy2)] configuration suggested by the 1^ = 0 
transfer is consistent with this work under the stipulation that an 
admixture of the 2dgy2 neutron component in the 862-keV state or a 3s^^2 
88 
component in the Kr ground-state is necessary to explain the observed 
beta decay. A dominant [%(lfgy2) configuration is ruled 
out here because of the nature of the gamma-ray depopulation noted below. 
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The gamma-ray pattern, especially In the presence of the intense 834-keV 
transition, shows little resemblance to the previous inter-multiplet 
transition patterns established by the 362- and 390-keV. 
[«(^5/2)"'] [vfZdgyg)] ^  [^(Zd^yg)] transitions. 
ll4l.4l-keV level (2 ); No basis to indicate beta feeding to the 
ll4l-keV level was found which would indicate the necessity for a high 
spin assignment, possibly j" = (2~, 3 ). 
The most intense gamma transitions from this level are to the 2 
ground-state and the 1 level at 196 keV. This level is also fed by 
three of the four 1^ excited states, which allows the elimination of 
the = 3 possibility. The 1l4l-keV level was identified with a 
strong 1^ = 0 transfer in (d,p) reactions where a = 2 assignment 
was made on the basis of the observed reaction strength. A probable 
dominant configuration for this level is ^] [v(3Sjy2)] which 
eliminates the positive parity possibility and indicates why no beta 
feeding was observed. Also, the absence of the beta decay branch supports 
the previous contention that the 862-keV state consists of a mixed con-
88 
figuration rather than the Kr ground-state. 
A definite negative-parity band appears to be based on this level 
through 1953-keV. 
1182.17-keV level (l"); This energy level has possible values 
of 0", 1", or 2" based on a log ft value of 8.0 for the beta decay 
87 
branch. This level was not observed in the Rb(d,p) stripping reactions 
and is placed here through the coincidence with the 196-keV transition. 
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The character of this state is quite different from those previously 
discussed. There is no obvious explanation for the decay of the 1182-
keV level to only one member of the ^] [vfEd^yg)] spin multi­
plet. It appears that the lowest possible spin assignment to the 1182-
keV level is necessary. 
The possibility of a J* = 0^^ ^  = 0^ Fermi beta transition is 
ruled out in this case because it requires the change of a 2d^^2 neutron 
into a 2d^y2 proton, which lies across the Z = 50 major shell closure. 
(The positive parity band in ^^Rb begins at 2.5 MeV.) The = 0^ -» 
= 0 transition of a first forbidden beta decay is also ruled out 
on the basis of the single-particle nature of beta decay. The lowest 
remaining value of = 1 was assigned. This level appears to be much 
more complex than the previous single-particle coupled excitations. 
1212.54-keV level (2 ); Again, no beta branch was observed to the 
1213-keV level, indicating the probability of a J* = (2~, 3 ) spin assign­
ment. The only level below the 1213-keV level not populated by gamma-
emission from this state is the 4 , 268-keV level. The level is also 
populated by gamma transitions from two of the positive parity levels 
which makes a J* = 3~ assignment unlikely. The positive parity assign­
ment is again eliminated on the basis of the reaction suggested con­
figurations discussed below. These considerations suggest a preferred 
= 2 assignment. 
The 1212-keV level was seen in the (d,p) reaction data with an 
1^ = 0 transfer which suggests the presence of a [«( )] [v(3s^y2)] 
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configuration, which again eliminates the positive parity spin assign­
ments. The expanded wave function basis of the original 3 proton and 
5 neutron states which can couple to J* = 2 with 1^ = 0 transfer listed 
below. 
J  = 2" :  [«((Zpj /g) ' ' ]  [v(3Si /2)]  [*(1^5/2)  [^(Ss^yg)]  +  
+ [«(2P2/2) (2Pi/2)] ^  [vfSs^yg)] + 
+ [%(2P3/2)"^ (2pi/2)]^ '^ ^^  [v(3s,/2)] • 
The indications of the possible couplings cited above support the 
conjecture that the more simple single-term, single-particle configur­
ations are no longer adequate to explain the wave functions of the 
negative parity levels clustered about this energy. In the previously 
cited (d,p) work (34), it was noted that the reaction strength over the 
1^ = 0 transfer observed at 862, 1138, 1209, 1347, and I66O keV was a 
fraction of the [vfSs^yg)] total single-particle strength. 
This "missing" strength made J assignments impossible and indicated to 
the authors that the levels must contain significant admixtures of 
other components not populated in the stripping reactions. 
From the reaction strengths it is evident that a complete explana­
tion of the possible j" = 2" states must contain neutron components 
other than the (SSj^g) orbital. It is not difficult to guess the results 
of this additional coupling without the v(3S|y2) restriction. As pre­
viously indicated, there are 18 possible j" = 2 configurations. 
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The subsequent negative parity levels are discussed in terms of 
beta decay and gamma-ray de-excitation without further comment on the 
wave function configurations. A qualitative explanation of the probable 
consequences of the many-component wave function will follow this dis­
cussion. 
1245.26-keV level (1 , 2 ): The beta decay to the 1245-keV level 
exhibits a log ft value of 8.7. According to previous convention, a 
= 0, 1 , 2 assignment based on a first forbidden decay was made. 
The = 0 value can be eliminated due to the nature of the beta decay, 
as discussed for the ll82-keV level. The gamma-ray decay from this 
state populates only the 2 ground-state and the (1,2) level at 
362 keV while the level is fed weakly by only one of the four positive 
parity levels. A J* = (1 , 2 ) is proposed. 
The reaction data reports a 1^ = 2 angular distribution for this 
energy. 
1352.35-keV level (2"): The beta decay to the 1352-keV level of 
QO ^  _  
Rb proceeds with a log ft value of 8.9» The J = (1 , 2 ) is 
assigned assuming a first forbidden beta decay with the J* = 2 value 
preferred. This is consistent with the gamma-ray depopulation to the 
2 and 3 members of the low-lying multiplet and to higher 1 , 2 and 
3 states. 
1603.72-keV level (2~); No beta decay intensity was observed to 
the l604-keV level indicating a probable high spin assignment. The 
values of = 2~, 3" are possible here. The gamma-ray population of 
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th is  s ta te  i s  f rom a  level  a t  2392 keV.  The = 2~ ass ignment  
i s  made on the  bas is  of  the  observed 788-keV t rans i t ion  feeding th is  
1evel .  
The 788-keV,  l603-keV cascade has  been repor ted  ear l ier  (26)  wi th  
inver ted  order ,  involving a  level  a t  788 keV.  No react ion work suppor ts  
the  788 keV ass ignment  whi le  two (d ,p)  react ion works  (28,34)  repor t  a  
level  a t  I6IO keV or  1609 keV.  
The f ive  energy levels  located  between the  1352-  and 2231-keV levels  
were  previously  unrepor ted  in  be ta  decay s tudies .  
1661.26-keV level  (2  ) :  A log  f t  value  of  8 .1  i s  observed for  the  
beta  decay to  the  l66l -keV level .  The t rans i t ion  i s  f i r s t  forbidden 
leading to  poss ib le  values  for  of  (0 ,  1 ,  2)  .  Since  the  gamma de­
popula t ion  proceeds  to  1 ,  2 ,  3 s ta tes ,  the  in termedia te  =  2  value  
i s  prefer red .  An 1^=0 transfer  for  th is  level  was  observed in  the  
(d ,p)  react ion s tudies  (28,34,35) .  
17l4 .8 l -keV level  (1  ) ;  The be ta  decay to  the  1715-keV level  
exhibi ts  a  lower  log  f t  value  of  7 .2 ,  a  nonunique f i r s t  forbidden de­
cay.  The level  depopula tes  to  a  2  and 1 level  wi th  the  major i ty  of  
the  depopula t ion  in tens i ty  going to  the  196-keV,  1  level  and no decay 
i s  observed to  the  es tabl ished 3  levels .  The prefer red  = 1 ass ign­
ment  i s  consis tent  wi th  these  indica tors .  This  level  was  es tabl ished 
f rom coincidence  data  in  both  the  1518-  and 196-keV coincidence  gate  
spect ra ,  however ,  no  corresponding level  was  observed in  the  (d ,p)  re­
act ion work.  
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1915.53-keV level  (2") ;  Again  the  beta  decay to  the  19l6-keV 
level  appears  to  be  f i r s t  forbidden wi th  a  log  f t  value  1.1. The most  
in tense  gamma-ray depopula t ion  i s  to  the  3  ,  390-keV level  indica t ing  
tha t  the  value  = 2  i s  prefer red .  
1953.36-keV level  (1 ,2)  :  This  level  i s  popula ted  by a  f i r s t  for ­
bidden beta  t rans i t ion  wi th  log  f t  value  of  7«8.  The gamma decay popu­
la tes  only  2  levels .  The probable  sp in  ass ignments  a re  = (1 ,  2)  
wi th  = 2  prefer red .  
The two levels  a t  1916 keV and 1953 keV observed here  most  l ike ly  
correspond to  the  1915-keV and 1951-keV 1^ = 2  levels  repor ted  by 
Tor t i  and Graetzer  (34) .  
2231.93-keV level  (1^) ;  The f i r s t  pos i t ive  par i ty  s ta te  i s  popu­
la ted  a t  2232 keV by an  a l lowed beta  t rans i t ion  (AJ^ =0 ,  ±1 ,  no)  
wi th  a  log  f t  value  of  5 .6 .  A s t rong argument  can be  made for  a  J  =1  
ass ignment  s ince  in tense  gamma rays  proceed to  the  1 and 2  members  of  
the  low-lying spin  mul t ip le t .  
One poss ib le  explanat ion for  the  a l lowed beta  t rans i t ions  seen in  
these  higher  exci ted  s ta tes  i s  to  require  the  par t ic ipat ion of  the  Ig^yg 
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neutron subshel l  in  the  Kr  ground-s ta te ,  such as  an  admixture  of  the  
conf igura t ion  [^(I fgygï^^Zpgyg)  [vf lg^yg)^] '  This  admixture  does  
not  a l ter  the  previous  beta  decay arguments .  The beta  decay of  th is  
ground-s ta te  conf igura t ion  could  then resul t  in  a  
(1  f j / j )  Vz '  ]  [v(197/2)  ]  
conf igura t ion  for  the  2232-keV level .  The avai labi l i ty  of  the  pos i t ive  
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par i ty  '9g/2  proto"  subshe11 i s  noted  in  Figure  4  where  a  9 /2^  level  
i s  observed a t  about  1  MeV.  I t  i s  suspected  tha t  the  absence  of  the  
Ig^yg s ingle-par t ic le  orbi ta l  in  s imple  spect ra  of  51-neutron nucle i  
i s  due to  the  nature  of  the  pai r ing  force  and the  proximity  of  th is  
orbi ta l  to  the  Ed^yg orbi ta l .  Since  the  Ig^yg Zd^yg orbi ta ls  are  
2 88 
closely  spaced,  the  vf lg^yg)  neutron component  to  the  Kr ground 
s ta te  i s  not  energet ica l ly  imposs ib le .  The f ina l  s ta te  of  the  
[Xfl fg /g)^(293/2)"^]  ^  ["( l f5 /2)^^2p2/2)"^( l9g/2)] [v( l9y/2)]  
can couple  to  (1  -+ 8 )^ .  The a l lowed nature  of  the  beta  decay res t r ic ts  
to  1^ .  No =  0^  ^  = 0^ decay i s  expected  here  s ince  the  
avai lable  afZd^yg)  shel l  l ies  beyond the  Z =  50 major  shel l  c losure .  
The only  react ion informat ion avai lable  for  th is  level  i s  a  
poss ib le  level  p lacement  a t  2230 keV (28) .  
2392.15-keV level  (1^) :  The low log f t  value  of  4 .3  for  the  75 
percent  be ta  branch to  th is  level  i s  indica t ive  of  an  a l lowed t rans i t ion  
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to  a  level  wi th  J  =0 ,1 .  Since  the  gamma-ray t rans i t ions  to  the  
2  ground s ta te  and 1 level  a t  I96 keV are  both  in tense ,  the  assrgrr -
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ment  i s  proposed.  The Kr  ground-s ta te  conf igura t ion  discussed above,  
p lus  an  admixture  of  the  [af f^yg)  (Zp^yg)  (^9^/2^]  [v( l9yy2)]  conf igur­
a t ion  are  needed to  expla in  the  a l lowed beta  decay to  th is  level  as  wel l  
as  tha t  to  the  2548-keV and 2771-keV 1^  levels .  No neut ron s t r ipping 
data  i s  avai lable  for  th is  level .  
2548.32-keV level  (1^) ;  The 2548-keV level  i s  a lso  popula ted  by 
an  a l lowed beta  t rans i t ion  wi th  an  associa ted  log f t  value  of  5 .2 .  The 
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gamma-ray depopula t ion  of  th is  level  i s  very  s imi lar  to  the  lower  1^  
members  of  the  pos i t ive  par i ty  band and the  J  = 1  ass ignment  i s  pro­
posed on s imi lar  grounds .  Tor t i  and Graetzer  (34)  sugges t  a  correspon­
dence  between the  2548-keV level  observed in  be ta  decay and an  observed 
2562 ±  9  keV level  wi th  ]^= 2 t ransfer  in  ^^Rb(d,p)®^Rb data .  A cor­
respondence of  th is  react ion level  wi th  the  2556-keV level  d iscussed 
below i s  in  bet ter  agreement .  
2555.96-keV level  (1~,  2  ) :  The beta  decay to  the  weakly  es tab­
l i shed 2556-keV level  has  a  log  f t  value  of  6 .3 .  A few a l lowed t rans i ­
t ions  have been noted  wi th  log  f t ' s  exceeding s ix  a l though the  pr imary 
indica t ion  i s  tha t  th is  i s  a  f i r s t  forbidden beta  decay.  The level  de-
exci tes  through gamma t rans i t ions  pr imar i ly  to  2  levels .  
The poss ib le  correspondence of  the  2556-keV level  observed here  
wi th  the  2562-keV react ion level  (1^  = 2  t ransfer)  leads  to  a  preference  
for  a  negat ive  par i ty  ass ignment .  
2771.1^-keV level  (1^) :  The gamma-ray de-exci ta t ion  indica tes  
tha t  th is  level  i s  s imi lar  in  nature  to  the  o ther  pos i t ive  par i ty  s ta tes  
in  th is  region.  The 2771-keV level  depopula tes  by gamma-rays  of  roughly  
the  same in tens i ty  to  levels  wi th  = l "  and 2"  spin  ass ignments .  The 
beta  decay to  th is  level  i s  a l lowed wi th  a  log f t  value  of  4 .8  which 
predic ts  a  spin  of  =  0  ,  1^ for  the  f ina l  s ta te .  The proposed J*  
value  for  the  2771-keV level  i s  1^ .  
A level  a t  2769 ±  9  keV was  observed in  the  (d ,p)  react ion work (34)  
but  no  1^  t ransfer  value  was  repor ted .  
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The gross  s t ructure  of  the  Rb level  scheme can be  d iscussed in  
terms of  the  col lec t ives  mot ion of  the  "core"  nucléons  coupled to  the  low-
energy exci ta t ions  of  the  odd par t ic les .  The f i r s t  four  s ta tes  were  
d iscussed in  terms of  the  [nf l f^ygj^fZpgyg)  ^ 3  [v(2d^^2^^ or  the  
[nfZpgyg)  ^]  [vfZdgyg)]  quas ipar t ic le ,  whi le  two o ther  low-lying s ta tes  
were  ident i f ied  as  the  = 1  or  2  and the  = 3  coupl ings  of  the  
[^( I fgyg)  ^]  [^(Zdgyg)]  quas ipar t ic le .  The negat ive  par i ty  band en­
countered above the  f i r s t  two quas ipar t ic le  mul t ip le ts  can be  descr ibed 
qual i ta t ive ly  by coupl ing a  2^  quadrupole  v ibra t ion  to  the  ground-s ta te  
negat ive  par i ty  band.  This  coupl ing produces  3  s ta tes  of  =  1  ,  
4  of  =  2  ,  and 4  of  =  3  .  Other  h igher  J  values  are  not  expected  
to  be  observed as  popula ted  in  beta  decay.  Some s ingle-par t ic le  con­
f igura t ions  which could  contr ibute  to  th is  negat ive  par i ty  band a re  
[Tr( l f5 /2)"^  (ZPi /g)]  [v(2dg/2)]  
[TT(l fg /2)"^  (2P1/2)]  [vdgyyg)]  and,  as  previously  d iscussed.  
The more  h ighly  exci ted  pos i t ive  par i ty  band can be  expla ined by coupl ing 
the  3  octupole  v ibra t ion  to  the  ground-s ta te  negat ive  par i ty  band.  Here ,  
the  coupl ing resul ts  in  3  s ta tes  of  = 1^ ,  4  of  =  2^ ,  and o ther  
s ta tes  which cannot  be  popula ted  in  be ta  decay.  Some h igher  energy s ingle-
par t ic le  conf igura t ions  which could  contr ibute  to  the  pos i t ive  par i ty  
band a re  
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[ i rdf^ /^)  ^  ( Iggyg)]  
[ •ndp^ /z )  ^  ( Igg/g)]  
[ •^(1^5/2)  ^  ( Igg/g)]  [^^^97/2)] '  and 
[Tr(2p^/2)  ^  ( Iggyg)]  1^(197/2)^* 
The presence  of  the  las t  conf igura t ion  a long wi th  a  
[Tr( l f^ /2)^(2p2/2)  [vf lgyyg)^]  
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component  in  the  Kr ground-s ta te  wave funct ion i s  necessary  to  expla in  
the  a l lowed nature  of  the  beta  decay to  the  pos i t ive  par i ty  band.  
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A summary of  the  J  values  for  levels  in  Rb i s  presented  in  Table  10 
Where  mul t ip le  ass ignments  were  made,  the  under l ined ass ignment  was  pre­
fer red  as  expla ined in  the  text .  
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B. The Level  S t ructure  of  Sr  
88 
Two d iscuss ions  on the  levels  of  Sr  by Ragaini  and Knight  (29)  and 
Ragaini  and Meyer  (33)  a re  f requent ly  refer red  to  in  th is  work.  The 
la t ter  work was  publ ished dur ing the  f i r s t  s tages  of  the  current  projec t .  
Large  beta  de tec tor  gamma-gamma coincidence  measurements  made in  the  
current  work s t rongly  suppor t  the  level  scheme of  Ragaini  and Meyer  ( see  
Chapter  V Sect ion G) wi th  one  impor tant  except ion.  The present  work 
es tabl ishes  the  3486-keV,  1366-keV coincidence  cascade f rom which Kawase  
(31)  de termined an ass ignment  of  =  2  for  the  4853"keV level .  Ragaini  
and Meyer  ass ign a  = 1 to  th is  level  based on the  gamma-ray 
depopula t ion  of  the  4853-keV level ,  omit t ing  the  1366-keV gamma ray .  
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Table  10.  Tenta t ive  j '  ass ignments  for  Rb levels  
Level  Energy 
(keV) 
0 .0  2  
27.53 3"  
196.34 r  
268.20 4"  
362.27 (1 ,2)"  
390.48 (3")  
862.34 0 ,2)"  
1141.41 {2")  
1182.17 (D 
1212.54 (2")  
1245.26 (1 ,2)"  
1352.35 (1 ,2)"  
1603.72 (2-) 
1661.26 (2")  
1714.81 d")  
1915.53 (2")  
1953.36 (1 ,2)"  
2231.93 (1+)  
2392.15 (1+)  
2548.32 (1+)  
2556.96 (1+,  i " ,  2")  
2771.14 (1+)  
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Sr  Ground-s ta te  (O ) ;  The ground-s ta te  of  ^gSr^g i s  assumed to  
TT +  
have J =0 due to  i t s  even-proton even-neutron conf igura t ion .  
88 
A reasonable  representa t ion  of  the  Sr  ground s ta te  i s  
[Tr(1f^/2)^(2p3/2)^]  [vdggyg)^^]"  However ,  there  are  grounds  for  argument  
88 
on the  c losure  of  the  Sr  ground-s ta te  conf igura t ion .  Vervier  ( l l )  used 
88 91 
the  above Sr  ground s ta te  to  ca lcula te  the  energy levels  of  Y.  Hardy 
^  a^.  (69)  in  ^^Z(t ,a)^^Y and ^^Y(t ,p)^^Y exper iments  have shown tha t  
91 
the  Y spect rum i s  more  de ta i led  than predic ted  by Vervier ' s  ca lcula t ion .  
The conclus ion reached by Hardy a j . .  i s  tha t  the  wave funct ion bas is  
_2 2  
for  the  ca lcula t ions  must  be  extended to  include  ( I f^yg)  and 
~2 2 88 (Zp^yg)  (ZPjyg)  par t ic le-hole  conf igura t ions  in  the  Sr  ground s ta te .  
Calcula t ions  by Hughes  (7)  us ing a  ^^Zr  core  indica te  tha t  the  ^^Sr  ground 
s ta te  i s  predominate ly  (69 percent)  wi th  
the  (2^2/2)  ^^^5/2^ ^^^Pl /2^^ '  ^^^7/2^ ^^^^1/2^^ proton holes  
account ing for  the  remainder  of  the  const i tu t ion .  
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The 75.4  percent  beta  group to  the  Sr  ground-s ta te  can be  considered 
as  a  26^12 neutron decaying to  the  proton orbi ta l .  The log  f t  value  
for  th is  decay i s  9 .2  which i s  consis tent  wi th  the  f i rs t - forbidden unique 
t rans i t ion  ass ignment .  
1836.07-keV level  (2^) :  The sp in-par i ty  of  th is  level  i s  widely  
accepted as  = 2^ .  The col lec t ive  nature  of  the  1836-keV level  has  been 
s tudied  for  a t  leas t  one  ine las t ic  react ion (40) .  The low-energy in­
e las t ic  react ions  are  not  par t icular ly  sens i t ive  to  the  s ingle-par t ic le  
s t ructure  of  an  exci ted  level  and are  used to  s tudy the  enhancement  or  
reduct ion of  the  par t icular  level  in  terms of  the  s ingle-par t ic le  
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es t imates .  The above react ion indica tes  tha t  the  reduced radia t ive  
t rans i t ion  probabi l i ty  B(E2)+ ( t  denotes  exci ta t ion)  value  was  8 .5  s .p .u .  
( j ingle  par t ic le  or  Weisskopf  ^ni ts ) .  This  enhancement  indica tes  a  s l ight  
col lec t ive  nature  to  the  l836-keV level .  Neutron s t r ipping react ions  (38)  
indica ted  tha t  the  major  exci ta t ion  of  th is  level  was  not  in  the  neutron 
conf igura t ion  whi le  the  (d ,He^)  s tudies  of  Kavaloski  a_l_-  (37)  a t t r ibute  
near ly  80 percent  of  the  level  conf igura t ion  to  the  s ta tes  
[Tr( l f ^ /2)^(2p3/2)  tv( lgg^2^ '°^  +  
Poss ib le  conf igura t ions  of  th is  nature  were  a lso  suggested  by form fac tor  
88 3 
calcula t ions  for  the  Sr(  He,d)  react ion (41) .  Shas t ry  (6)  used s ingle-
88 
par t ic le  s ingle-hole  s ta tes  in  Sr  ca lcula t ions  and determined tha t  the  
above conf igura t ions  resul ted  in  94 percent  of  the  to ta l  wave funct ion 
wi th  the  ( i fgyg)  ^ p ro ton hole  exhibi t ing  76 percent  of  the  const i tu t ion .  
The log  f t  value  for  the  beta  decay to  th is  level  i s  7-8  indica t ing  a  
f i rs t - forbidden t rans i t ion .  The = 2^  ass ignment  i s  conf i rmed in  a l l  
the  c i ted  react ion work.  
The avai lable  indica tors  point  to  a  dominant  proton coupled exci ta­
t ion  wi th  some col lec t ive  character  and =  2^ .  
2734.09-keV level  (3~) :  The wel l -known octupole  v ibra t ion  a t  2734-keV 
(36) i s  seen wi th  a  B(E3)+ of  25 s .p .u .  in  the  (e ,e ' )  work by Peterson and 
Als ter  (40) .  Shas t ry  (6)  ca lcula tes  tha t  17 s ingle-par t ic le  s ingle-hole  
s ta tes  are  required  to  descr ibe  th is  wave funct ion,  where  the  ampl i tude  
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of  the  dominant  [• ! :{]  [2p^^^)  ^(Zd^yg)]  [vf ig^yg)^^]  conf igura t ion  
i s  0 .96.  The jY = 2  ^  = 3  requires  an  a l lowed beta  decay,  where  the  
f ina l  s ta te  expected  to  par t ic ipate  in  the  beta  decay i s  
[TT(l f^ /2)^(2p3/2)^][v(2pi /2)  '  (Zdgyg)] '  
This  conf igura t ion  was  found to  have an  ampl i tude  equal  to  0 .11 in  the  3  
wave funct ion ca lcula ted  by Shas t ry .  This  one  percent  contr ibut ion to  
the  to ta l  wave funct ion i s  ref lec ted  in  the  ra ther  large  log f t  value  of  
6 .7 for  th is  a l lowed decay.  Beres  and Dopenbusch (70)  have  used the  
88 
beta  decay to  tes t  the  nature  of  the  Sr  3  wave funct ion and conclude 
tha t  components  of  th is  nature  wi th  ~0.1  ampl i tude  wi l l  produce the  
observed log f t  in  the  beta  decay f rom a  predominant ly  
[n( l fgy2)^(2P2/2)  [v(2dgy2)]  ground s ta te .  The be ta  decay was  
a lso  found to  be  very  sens i t ive  to  th is  ampl i tude .  
3218.52-keV level  (2^^:  The spin  and par i ty  of  th is  level ,  =  2^ ,  
a re  again  s t rongly  suppor ted  in  react ion data  (36) .  The (d ,^He)  react ion 
work of  Kavaloski  indica tes  tha t  60 percent  of  the  par t ic ipat ing proton 
s t rength  can be  a t t r ibuted  to  the  
[ . ( , f5 /2)- ' (2p , /2)4(2p, /2)]  [vdgg^j) ' " ]  
conf igura t ions ,  Shas t ry  (6)  ca lcula tes  tha t  th is  conf igura t ion  const i tu tes  
43 percent  of  the  to ta l  f ive-component  conf igura t ions  wi th  a  s igni f icant  
(57 percent)  neut ron conf igura t ion  of  
[TT(l f ^ /2)^(2p3/2)^]  [v( lgg/2^  ^(Zldgyg)]-
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The ra t io  of  the  ( I f^yg)  '  component  to  the  (Zp^yg)  '  component  was  "1 ,  
whi le  the  same ra t io  for  the  1836-keV 2^ level  was  ~2.1 .  Hence the  
components  for  beta  decay to  th is  level  a re  about  the  same as  for  the  
1836-keV 2^ level  and the  s imi lar i ty  i s  ref lec ted  in  the  log  f t  values  of  
7 .9  (1836) and 7-5  (3218) .  Consider ing the  poss ib i l i ty  of  [^( I f^y^)  ^ 3  
88 
conf igura t ion  in  the  Rb ground-s ta te  (not  an  unl ikely  assumpt ion)  the  
increased log f t  for  the  beta  decay to  the  I836 keV level  may be  due  to  
d i f ference  in  re la t ive  abundance of  the  [^( I fgyg)  ^]  component  in  the  
2^ (1836) to that in the 2^ (3218). 
The log f t  value  of  7-4  for  the  beta  decay to  th is  level  suppor ts  the  
= 2^  on the  bas is  of  a  f i rs t - forbidden t rans i t ion .  The =  2^  value  
was  a lso  obta ined by Kawase  (31)  us ing y~y(0)  measurements  on the  1382-
keV,  1836-keV cascade.  
3486.53-keV level  (1^) :  The level  a t  3486 keV i s  popula ted  by a  
beta  branch wi th  a  log  f t  value  of  9 .2 .  This  i s  indica t ive  of  a  f i r s t -
forbidden t rans i t ion  (AJ^ =  0 ,  +  1 ,  +  2 ,  yes) .  The poss ib le  spin  ass ign­
ments  a re  = 0^  -»•  4^ .  This  level  appears  to  be  popula ted  only  in  the  
proton pickup (d ,  ^He)  and (n .y)  react ions  summarized in  (36). A level  
a t  3488 keV i s  observed in  the  (d .  He)  react ion wi th  an associa ted  1^  = 1 
angular  d is t r ibut ion.  A poss ib le  conf igura t ion  for  th is  s ta te  i s  
The wave funct ions  of  Shas t ry  for  the  2^(1836)  and 2  (3218)  levels  
conta in  large  components  of  the  conf igura t ion  ^ ^  
genera l ly  accepted tha t  the  3486-keV level  i s  the  = 1^  coupl ing of  th is  
conf igura t ion  s ince  the  2^-coupled s t rength  l ies  lower .  The log  f t  
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value  for  the  present  work i s  sens i t ive  to  the  highly  uncer ta in  in tens i ty  
for  the  1027-keV t rans i t ion ,  but  i t  should  remain  wi th in  the  character is ­
t ic  f i rs t - forbidden range of  log  f t  values .  The =  0^ ,  3^ ,  4^  ass ign­
ments  a re  e l iminated  in  v iew of  the  gamma-ray depopula t ion  so le ly  to  the  
ground-s ta te .  In  the  l ight  of  the  wave funct ion ca lcula t ions  of  Shas t ry ,  
TT  ^
i t  seems reasonable  to  cont inue  the  J  =  1 ass ignment .  Also  note  here  
tha t  Hughes  (7)  ca lcula ted  a  1^  exci ta t ion  a t  3-59 MeV which i s  ex­
c lus ively  a  [^(Zpgyg)  conf igura t ion .  
3523.95-keV level  (1^ ,  2^) :  The beta  decay to  the  3524-keV level  
exhibi ts  a  log  f t  value  of  9 .3 ,  consis tent  wi th  a  f i rs t - forbidden beta  
t rans i t ion .  This  level  i s  de-exci ted  by a  s ingle  gamma-ray t rans i t ion  
CO the  ground-s ta te .  This  level  i s  not  present  in  any of  the  previously  
c i ted  react ion data .  The (n ,y)  work of  Lycklama and Kennet t  (71)  exci te  
th is  s ta te  which again  depopula tes  only  to  the  ground-s ta te .  The poss ib le  
= 0^\3*,4* ass ignments  a re  ru led  out  on the  bas is  of  the  ground-s ta te  
t rans i t ion .  The remaining poss ib i l i t ies  of  =  1^  or  2^  are  equal ly  
val id ,  g iven the  meager  informat ion a t  hand.  
3635.07-keV level  (3^)  •• This  level  i s  s imi lar  in  nature  to  the  
1^(3486)  level .  There  i s  no indica ted  neutron s t rength ,  but  the  level  i s  
observed in  the  ^^Y(d,  ^He)^^Sr  proton pickup react ion wi th  an  1^  =  3  
t ransfer .  This  react ion probably  popula tes  the  [^( I fgyg)  '^^^1/2^^ 
conf igura t ion  wi th  poss ib le  values  of  2^  or  3^ .  This  level  de­
popula tes  by gamma-ray de-exci ta t ion  to  both  lower  2^  s ta tes ,  but  no 
ground-s ta te  t rans i t ion  has  been observed.  The gamma-ray depopula t ion  
and log  f t  value  of  8 .5  for  a  f i rs t - forbidden t rans i t ion  are  consis tent  
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with  the  = 3"*" a ss ignment .  
4035.58-keV level  (2^) :  The level  a t  4036 keV depopula tes  by a  
s ingle  gamma ray  to  the  ground s ta te .  No gamma-ray feeding i s  observed.  
On the  bas is  of  the  in tens i ty  of  the  4036-keV t rans i t ion ,  a  0 .01 percent  
be ta  branch was  found popula t ing  th is  level  wi th  a  log  f t  value  of  8 .6 .  
On the  bas is  of  previous  ass ignments ,  th is  i s  considered as  a  f i r s t -
forbidden beta  group resul t ing  in  J^{4036)  =  0^  -> 4^ .  The va lue  of  
=  0*,3*\4^  are  ru led  out  because  of  the  observed gamma depopula t ion  
to the ground state. This level is observed in inelastic studies (36), 
as  wel l  as  in  the  ( t ,p)  neutron s t r ipping react ion work of  Ragaini  e t  a l .  
(72).  They f ind  an = 2  t ransfer  and a t t r ibute  th is  to  a  
^]  conf igura t ion  s ince  the  neutron pai r ing  energy i s  
exceeded around 4  MeV.  
Values  for  of  Z* 7^  are  poss ib le  f rom the  [v( lg^y2^ ^^^*^5/2^^ 
coupl ing.  Because  of  the  observed ground-s ta te  t rans i t ion ,  the  
= 3^  7^  values  can be  d is regarded.  Hence,  the  value  = 2^  i s  
proposed here .  
The neutron s t rength  exhibi ted  in  the  s t r ipping react ions  i s  con-
+ -f  
s i s tent  wi th  the  fac t  tha t  th is  level  does  not  decay to  o ther  1 and 2  
levels  such as  the  I836-,  3218- ,  and 3486-keV levels  which a re  predomi­
nant ly  proton coupled.  
4224-keV level  (  ^ ) :  The log  f t  value  of  8 .1  ca lcula ted  for  the  
beta  group to  the  4224-keV level  was  based on an  es t imated in tens i ty  for  
the  2388-keV t rans i t ion .  This  t rans i t ion  was  observed only  in  coinci -
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dence spect ra  where  i t  was  par t ia l ly  obscured by the  2392-keV Kr 
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accidenta ls  peak.  This  level  i s  observed to  depopula te  to  the  1836-
keV 2^  level .  The beta  decay log  f t  value  i s  consis tent  wi th  a  f i r s t -
forbidden ass ignment  wi th  a  range of  = 0^  4^ .  No informat ion exis ts  
to  choose  between any of  these  poss ib i l i t ies  for  th is  level .  
4413.89-keV level  (3^) :  The log  f t  value  of  6 .6  (3^)  for  the  beta  
decay to  the  44l4-keV level  shows a  marked change f rom the  previous  beta  
86 87 branches .  This  level  has  been seen in  Sr( t ,p)  and Sr(d ,p)  neutron 
s t r ipping react ions  (36)  indica t ing  the  presence  of  a  neutron conf igura­
t ion  in  the  f ina l  s ta te  wave funct ion.  The log  f t  value  i s  indica t ive  
of  a  nonunique f i rs t - forbidden beta  t rans i t ion  wi th  resul t ing  
= 1^\2^ ,3^ .  This  level  de-exci tes  through gamma-ray t rans i t ions  to  
the  2  and 3  s ta tes  only ,  which a l lows the  exclus ion of  J  =  1 .  This  
level  i s  fed  by a .439-keV t rans i t ion  from the  2  level  a t  4853 keV.  Both  
decay pat terns  are  consis tent  wi th  = (2^\  3"^) ;  however  the  absence  
•  TT 
o f  the  ground-s ta te  gamma t rans i t ion  favors  the  J  =3  ass ignment .  
4513.98 keV level  (2  ) :  The beta  decay to  th is  level  i s  a l lowed 
as  indica ted  by the  log f t  value  of  5 .6 .  The poss ib le  values  are  
1  ,2  ,3  .  The spin  of  th is  level  has  been determined by Kawase  (31)  as  
2  f rom y~ y(0)  measurements  on the  2678 1836-keV gamma cascade.  The 
ass ignment  of  = 2  agrees  wi th  the  observed gamma t rans i t ion  pat tern .  
This  level  does  not  appear  in  any of  the  react ion s tudies .  However ,  the  
enhanced log f t  for  th is  decay impl ies  the  exis tence  of  favorable  proton 
conf igura t ion .  Two poss ib le  two-quasI  par t ic le  conf igura t ions  bui l t  on 
the  ^^Rb ground s ta te  of  ^ and ^( I f^yg)  ^ p ro ton holes ,  which 
a re  consis tent  wi th  a l lowed beta  decay,  a re :  
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[^(Zpgyg)  ^(2dgy2)]2  and 
[Trdfs /^)  ^(^^5/2)^2 •  
4742.78 keV level  (1^ ,2^) :  The log  f t  value  of  6 .2  for  the  beta  
decay to  th is  level  indica tes  e i ther  an a l lowed or  f i rs t - forbidden decay.  
In  e i ther  case ,  the  accepted value  wi l l  be  low s ince  only  the  ground-
s ta te  t rans i t ion  was  observed.  This  level  was  a lso  observed in  the  
o7 O p  
Sr(d ,p)  Sr  react ion (38) with  an  1^  =  2  d is t r ibut ion which impl ies  the  
exis tence  of  a  2dj  neut ron conf igura t ion  in  the  wave funct ion.  I t  i s  
unl ikely  tha t  th is  i s  another  coupl ing of  the  [vf lg^yg)  ^(2dgy2)] j  
neut ron conf igura t ion  unless  i t  i s  a  par t  of  a  more  complex quas i -
par t ic le  conf igura t ion  such as  a  [nf l f^yg)  ^^^29/2^^ ^^^^^9/2^ ^^^^5/2^^ '  
The poss ib le  J  values  as  governed by the  beta  decay are  0^ ,1^ ,2^ ,3^ ,4^ .  
Only  the  in termedia te  J  =  1— or  2— values  are  kept  in  l ight  of  the  
ground-s ta te  gamma t rans i t ion .  The J  =  2  value  can a lso  be  e l iminated  
as  th is  would  require  a t  leas t  an  M2 t rans i t ion .  The above quas i -
par t ic le  wave funct ion represents  an  a l lowed beta  decay of  a  Ig^yg 
neutron to  a  Ig^yg proton orbi ta l .  A component  of  the  nf l f^yg)  ^ p ro ton-
O p  
hole  in  the  Rb ground s ta te  has  been previously  indica ted  (see  2734-keV 
and 3218-keV level  d iscuss ions) .  Note  tha t  adopt ing th is  wave funct ion 
would  preclude  the  pos i t ive  par i ty  ass ignments .  
4845.54-keV level  (3  ) :  The log  f t  value  for  the  beta  decay to  the  
4853-keV level  i s  5 .5 .  Kawase  (31)  ass igns  a  spin  of  J  =  3  to  th is  
level  based on Y~Y(Q)  da ta  wi th  the  3009 - * •  1836-keV gamma cascade.  This  
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combinat ion was  observed in  the  coincidence  measurements  of  th is  work.  
The beta  decay to  th is  level  i s  a l lowed,  hence  there  i s  no par i ty  change.  
The value  = 3  i s  proposed in  th is  work.  This  ass ignment  i s  consis tent  
wi th  the  observed gamma t rans i t ions  to  the  2  and 3  s ta tes  in  the  absence  
of  a  ground-s ta te  t rans i t ion .  This  level  was  a lso  ass igned a  = 3  
86 88 
value  in  the  Sr( t ,p)  Sr  react ion of  Ragaini  e t_  £ l_ .  (72). The con­
f igura t ion  of  th is  level  must  be  composed pr imar i ly  of  neutron par t ic le-
hole  s ta tes  due to  the  observed ( t ,p)  react ion s t rength .  Some poss ib le  
conf igura t ions  are :  
(1^5/2)^  (2p3/2)^]  ^  and 
[^^ '^5/2)^(2^3/2)^]  ^^^^^5/2)(2^1/2)  •  
4853.00-keV level  (2  ) :  Again  the  log f t  value  of  5 .2  indica tes  the  
popula t ion  of  the  exci ted  level  by a l lowed beta  decay.  No evidence  of  
th is  level  was  found in  the  react ion works  c i ted .  Kawase  (30 has  
measured the  y~y(6)  d is t r ibut ion for  the  I366,  3486-keV cascade and pre­
d ic ts  a  spin  of  J  =  2  for  the  4853-keV level .  The value  of  sp in-par i ty  
for  th is  level  proposed here  i s  = 2  .  A probable  wave funct ion to  
expla in  the  a l lowed nature  of  the  beta  decay i s  g iven by Ragaini  and 
Meyer  (33)  as  
t^Ogg/2)  (2P3/2)  (2Py2^^^ t '^ (2d^/2)  ( lgg/2)  •  
In  th is  case  a  Ig^yg neutron decays  to  a  Ig^yg proton.  However ,  
th is  i s  not  a  s ingle-par t ic le  t rans i t ion  and i t  i s  expected  tha t  the  
quas ipar t ic le  nature  of  the  2p subshel l  would  make the  admixture  of  
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th is  conf igura t ion  in  the  Rb ground s ta te  qui te  smal l ,  s ince  the  pai r ­
ing energy would  favor  the  ^ component .  
A summery of  the  values  i s  presented  in  Table  11.  Where  mul t ip le  
ass ignments  were  made,  the  value  prefer red  in  the  text  i s  under l ined.  
C.  Conclus ion 
88 88 
The nuclear  decays  of  Kr  and Rb were  s tudied  in  th is  work and 
88 88 
the  resul t ing  Rb and Sr  level  schemes were  const ructed .  The benef i t s  
of  the  par t icular  method of  source  prepara t ion  are  evident  in  the  addi-
88 
t ions  to  the  Rb level  s t ructure .  Five  levels  previously  unobserved in  
beta  decay were  added to  th is  level  scheme and d i rec t  beta  feeding was  
noted  to  four  of  the  levels ,  thus  making i t  poss ib le  to  ass ign tenta t ive  
values .  The addi t ional  40 previously  unrepor ted  gamma t rans i t ions  
placed in  th is  scheme a lso  a ided in  the  ass ignment  of  many of  the  
values .  The complexi ty  of  these  new levels  i s  noted in  widely  d is t r ib­
uted  react ion s t rengths ,  but  i t  i s  evident  f rom these  s tudies  tha t  con­
f igura t ions  amenable  to  beta  decay are  present  in  th is  s t ructure .  I t  i s  
doubtful  tha t  fur ther  gamma spect roscopy s tudies  wi l l  enl ighten  th is  
decay scheme to  a  s igni f icant  extent  in  v iew of  the  source  s t rengths  and 
detec tors  avai lable  for  th is  work.  However ,  ex tens ive  in ternal  con­
vers ion work would  be  useful  in  character iz ing the  beta  decay to  the  low-
ly ing levels .  A Si  (Li )  de tec tor  has  been mounted on the  moving tape  
col lec tor  and wi th  the  on- l ine  t t/2  beta- ray  spect rometer  a t  the  TRISTAN 
fac i l i ty ,  these  s tudies  are  being p lanned.  
The necess i ty  of  inc luding gamma-gamma coincidence  data  wi th  nuclear  
spect roscopy s tudies  i s  conf i rmed here ,  as  the  resul ts  of  such 
149b 
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Table  11.  Tenta t ive  J  ass ignments  for  Sr  levels  
Level  Energy 
(keV) 
0 .0  0+ 
1836.07 2"^ 
2734.09 3 '  
3218.52 2+ 
3486.53 (1+)  
3523.95 (1 ,2)  +  
3635.07 (3+)  
4035.58 (2+)  
4224 ( + )  
4413.89 (3+)  
4513.98 (2~)  
4742.78 ( i r , i+ ,2+)  
4845.54 (3~)  
4853.00 (2~)  
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measurements  were  invaluable  in  resolving ambiguous  p lacements  of  
88 
t rans i t ions  in  the  Rb level  scheme.  The need for  these  s tudies ,  even 
88 
for  decay schemes exhibi t ing  the  re la t ive ly  minor  complexi ty  of  the  Sr  
scheme,  should  not  be  underes t imated.  
88 
The level  scheme of  Sr  has  been recent ly  subjected  to  many s tudies  
of  var ious  types ,  and can be  considered to  be  in  a  near-s ta te  of  
" technological  overki l l . "  I t  i s  d i f f icul t  to  conceive  of  an exper imenta l  
c i rcumstance  whereby the  coincidence  data  of  th is  exper iment  can be  
improved.  Any fur ther  beta  decay s tudies  should  be  speci f ic  in  na ture ,  
as  very  few ambigui t ies  a re  le f t  to  be  resolved.  The only  g lar ing contra­
dic t ion  revealed  in  the  recent beta  decay s tudies  i s  the  exis tence  of  a  
1366-keV gamma ray  which i s  involved in  the  angular  corre la t ion  s tudies  
of  Kawase  (31) ,  but  the  presence  of  which i s  d isputed by Ragaini  and 
Meyer  (33) .  The resul ts  of  th is  work conf i rm the  presence  of  the  gamma 
cascade.  
88 
The theore t ica l  and exper imenta l  character iza t ion  of  the  Sr  levels  
seems to  be  wel l  in  hand.  The ca lcula t ions  of  Shas t ry  (6)  and Hughes  (7) ,  
whi le  f rom ent i re ly  d i f ferent  view points ,  a re  proving to  be  successful  
in  present ing a  quant i ta t ive  representa t ion  of  the  conf igura t ions  for  the  
exci ted  s ta te  wave funct ions .  The wave funct ions  for  the  3  octupole  
v ibra t ion  has  been tes ted  in  one  ins tance  (70)  and was  found to  expla in  
the  observed beta  decay to  that  level .  These  wave funct ions  have a lso  
been successful  in  descr ib ing the  qual i ta t ive  nature  of  the  reduced 
t rans i t ion  ra tes  for  the  observed gamma t rans i t ions  among the  f i r s t  three  
88 
exci ted  s ta tes .  The nature  of  the  Sr  levels  i s  a lso  being ac t ive ly  
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tes ted  in  a  wide  var ie ty  of  react ion s tudies .  
I t  i s  apparent  tha t  no descr ip t ive  ca lcula t ions  are  avai lable  for  
88 
the  levels  of  Rb.  However ,  some of  the  prominent  fea tures  of  the  level  
s t ructure  can be  expla ined qual i ta t ive ly  in  terms of  quasÎpar t ic le  bands  
bui l t  on low-lying exci ta t ions .  I t  i s  a lso  poss ib le  to  conceive  of  more  
complex quas i  par t ic le  conf igura t ions  which wi l l  a l low qual i ta t ive  ex­
planat ion of  the  observed beta  decays .  The neutron s t rengths  of  the  
exci ted  s ta te  wave funct ions  have been character ized recent ly  us ing 
neutron pickup react ions ,  but  i t  i s  doubtful  tha t  the  proton s t rengths  
wi l l  be  de ta i led  in  the  near  fu ture  due to  the  d i f f icul ty  in  obta in ing 
sui table  react ion targets .  
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